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from in vitro data to humans requires a deep understand-
ing of the test system biology, of the endpoints used, and 
of the applicability domains of the tests. Moreover, it 
is important that these be combined in the right way to 
assess toxicity. Therefore, knowledge on the advantages 
and disadvantages of all cellular platforms, endpoints, and 
analytical methods is essential when establishing in vitro 
test systems for different aspects of neurotoxicity. The ele-
ments of a test, and their evaluation, are discussed here in 
the context of comprehensive prediction of potential haz-
ardous effects of a compound. We summarize the main 
cellular characteristics underlying neurotoxicity, present 
an overview of cellular platforms and read-out combina-
tions assessing distinct parts of acute and developmental 
neurotoxicology, and highlight especially the use of stem 
cell-based test systems to close gaps in the available bat-
tery of tests.

Abstract  Neurotoxicity and developmental neurotoxic-
ity are important issues of chemical hazard assessment. 
Since the interpretation of animal data and their extrapola-
tion to man is challenging, and the amount of substances 
with information gaps exceeds present animal testing 
capacities, there is a big demand for in vitro tests to pro-
vide initial information and to prioritize for further evalu-
ation. During the last decade, many in vitro tests emerged. 
These are based on animal cells, human tumour cell 
lines, primary cells, immortalized cell lines, embryonic 
stem cells, or induced pluripotent stem cells. They differ 
in their read-outs and range from simple viability assays 
to complex functional endpoints such as neural crest cell 
migration. Monitoring of toxicological effects on differ-
entiation often requires multiomics approaches, while the 
acute disturbance of neuronal functions may be analysed 
by assessing electrophysiological features. Extrapolation 
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Abbreviations
AD	� Alzheimer’s disease
ALS	� Amyotrophic lateral sclerosis
APC	� Automated patch-clamp
ASD	� Autism spectrum disorders
BBB	� Blood–brain barrier
CMP	� Cell membrane potential
CNS	� Central nervous system
DA	� Dopaminergic
DNT	� Developmental neurotoxicity
ECs	� Endothelial cells
ENT	� Engineered neural tissue
ER	� Endoplasmic reticulum
EST	� Embryonic stem cell test
FI	� Fluorescence intensity
FTD	� Frontotemporal dementia
hESCs	� Human embryonic stem cells
hiPSCs	� Human-induced pluripotent stem cells
HT	� High throughput
IATA	� Integrated approaches to testing and assessment
ITS	� Integrated testing strategies
KE	� Key event
MEA	� Multielectrode array or microelectrode array
NPC	� Neural progenitor cell
NT	� Neurotoxicity
OECD	� Organisation for Economic Co-operation and 

Development
PD	� Parkinson’s disease
PNS	� Peripheral nervous system
SOD1	� Cu/Zn-binding superoxide dismutase
TALEN	� Transcription activator-like effector nucleases

Chemical hazard assessment is changing

Regulatory toxicology is undergoing a major transition 
from an observational discipline based mostly on animal 
experiments to a mechanism-based science embracing also 
in vitro experimentation (Hartung and Leist 2008; Hartung 
2009).

This change involves a movement from the current 
‘black box’ approach of animal experiments towards a new 
approach of risk assessment using mainly in  vitro testing 
to identify the mechanism of toxicity (‘adverse outcome 
pathways’) (Leist et al. 2008b; Hartung and McBride 2011; 
Bhattacharya et al. 2011; Leist et al. 2014).

Many practical considerations support this evolution. 
First, concordance between animal and human toxicity can 

be surprisingly low: rodents have been found to be predic-
tive of human toxicity in less than half of the cases (Olson 
et al. 2000) and teratogenicity in humans seems to be espe-
cially poorly predicted by animal studies (Nau 1986; Bas-
ketter et al. 2012). Second, in vitro safety testing allows for 
the compounds be tested at more realistic concentrations 
than the high concentrations commonly used in animal test-
ing in order to minimize the number of animals needed. 
Third, reducing the need for animals and implementing 
high-throughput methods should both lower the cost and 
increase the reliability of safety testing.

If we consider neurotoxicology more specifically, there 
are also scientific reasons that support complementing 
or replacing the current methods employing animals with 
in  vitro testing using human cells. Although the human 
brain is not as different from other animal brains in its basic 
composition as once thought (Azevedo et  al. 2009), it is 
not just a ‘large rodent brain’ (Herculano-Houzel 2011). 
For instance, there are some species-specific differences in 
the microarchitecture of the neocortex, and the human one 
seems to have a higher proportion of inhibitory (GABAer-
gic) neurons and more asymmetrical synapses per neuron 
than in rats or mice (DeFelipe et al. 2002).

Mouse and human brains also differ in the temporal 
aspects of neurogenesis (Florio and Huttner 2014), which 
is important for developmental neurotoxicity (DNT). 
Although the majority of developmentally important 
genes is evolutionary conserved, their spatial and temporal 
expression patterns significantly differ between rodent and 
human developing brains (Fougerousse et al. 2000).

Certain cell types found in the human brain have not 
been identified in rodent brains (Allman et  al. 2011). For 
example, Von Economo neurons (not present in the brain 
of rodents) are selectively lost in the brains of people with 
frontotemporal dementia (FTD) (Seeley et al. 2006) and in 
individuals with a history of alcoholism (Senatorov et  al. 
2015).

Astrocytes play a major role in response to the toxicants. 
In humans, they are more abundant (Nedergaard et  al. 
2003; Efremova et  al. 2015), larger, have 10 times more 
processes and different signalling (Zhang et al. 2016), and 
are organized in more complex domains than their rodent 
counterparts. Varicose projection and interlaminar astro-
cytes are present in human but not in rodent brains (Ober-
heim et al. 2009).

There are also some differences between the function-
ing of microglia in humans and mice that are relevant to 
neurotoxicology: murine microglia respond more readily 
to inflammatory stimuli with nitric oxide production, as 
the iNOS promoter shows species differences (Chu et  al. 
1998).

The most important differences between human and 
rodent brains arise from the different primary sequence of 
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human proteins and their rodent orthologs. This affects not 
only receptor affinities and enzyme recognition, but also 
the inflammatory response (Leist and Hartung 2013). The 
Toll-like receptors (TLRs) that play important functions 
in innate immunity provide a good example: the expres-
sion pattern of TLRs is different in mice and man, and 
they respond differently to lipopolysaccharides (Mestas 
and Hughes 2004). Also, due to the presence of some non-
conserved histidine residues in the human sequence, TLR4 
triggers for instance contact hypersensitivity to nickel in 
humans, but not in mice (Schmidt et al. 2010). Differences 
in the primary sequences between orthologs can also lead 
to differences in the selectivity of the transport proteins of 
the blood–brain barrier leading to differences in the uptake 
of certain compounds (Liu et al. 2015).

There may also be significant differences between 
murine and human disease biology, as a systematic com-
parative study of gene expression changes in burns, trauma, 
and endotoxemia suggested (Seok et al. 2013). The authors 
found unexpectedly poor correlation between gene expres-
sion changes in about 5000 human genes and their mouse 
orthologs (although the extent of difference seems to 
depend on the statistical method) (Takao and Miyakawa 
2015; Warren et  al. 2015). The differences in murine dis-
ease models and human disease become most apparent 
from the vast clinical failure of drugs that work in animal 
models (Leist and Hartung 2013).

Besides the above-mentioned practical and scientific 
considerations, there is also legislative pressure to imple-
ment alternative in vitro safety testing methods for cosmet-
ics products (European Parliament 2009). The European 
chemicals legislation REACH (Hartung 2010; Rudén and 
Hansson 2010) also provides a strong impetus for devel-
oping in  vitro platforms for toxicity testing, by the sheer 
number of animals that would be necessary for comply-
ing with it (Höfer et al. 2004; Hartung and Rovida 2009). 
While neurotoxicity is not a typical stand-alone endpoint in 
these legislations, it represents a key organ manifestation 
in systemic toxicity testing, and there are specific regula-
tory needs especially for plant protection products (Coecke 
et al. 2006).

The three primary guidelines of the Organisation for 
Economic Co-operation and Development (OECD) cover-
ing neurotoxicity and DNT are OECD 424 (neurotoxicity 
study in rodents), OECD 426 (developmental neurotoxicity 
study), and OECD 443 (extended one-generation reproduc-
tive toxicity study). The functional tests and clinical obser-
vations in these guidelines are similar to those specified in 
OECD Guidelines 407 (rodent 28-day repeated dose oral 
toxicity studies) and 408 (rodent 90-day repeated dose oral 
toxicity studies), but employ a larger sample size and call 
for more frequent evaluation of functional tests.

The purpose of the OECD guidelines is to identify 
chemicals that permanently or reversibly affect the nervous 
system, to characterize any chemical-induced alterations in 
the nervous system, and to estimate dose levels for regula-
tory uses. Specific endpoints to evaluate functional, behav-
ioural, and morphological effects of the nervous system in 
all study types include (1) detailed clinical observations 
in the home cage and open field; (2) neurofunctional tests 
including motor activity; and (3) neuropathology using 
perfusion-fixed tissues. Additional testing specifically for 
offspring that have been exposed in utero and during early 
lactation includes sensory function testing, sexual matura-
tion (OECD 426 and OECD 443), assessments of behav-
ioural ontogeny, and learning and memory (OECD 426). 
However, these tests are not run by default for all chemi-
cals. On the contrary, most DNT information is missing 
even for high-production-volume chemicals (Bal-Price 
et al. 2015a). Neurotoxicity studies are not usually run for 
REACH chemicals, unless there is a clear indication from 
other studies that there is a hazard for the nervous system. 
DNT studies are mandatory for pesticides in Europe; in the 
USA, they are only required when there is evidence of neu-
rotoxicity. Thus, there is a large need especially for screen-
ing assays that can be used as initial indication of neuro-
toxicity or DNT, and that may be used for further testing 
prioritization.

Significant funding has been allocated for reforming 
toxicology both in the USA and in EU countries; for exam-
ple, the recent Horizon 2020 EU-ToxRisk project aims at 
developing non-animal-based methods for toxicity test-
ing, and the US Tox21c and ToxCast projects have similar 
objectives (Tice et al. 2013; Kleinstreuer et al. 2014).

Features facilitating neurotoxicity 
and developmental neurotoxicity

There are six specific properties which affect special toxic-
ity in the nervous system compared with other organs: (1) 
separation of the CNS from the blood stream by the blood–
brain barrier (BBB), (2) the special lipid-rich composition 
of the brain and the nerves, (3) the high energy requirement 
of the central nervous system (CNS), (4) the specific inter-
cellular signal transmission, (5) the special morphology 
and structure of neural cells, and (6) the specific biochem-
istry of neurons. An additional issue is that ‘neurotoxicity’ 
usually does not manifest throughout the nervous system, 
as may be observed for hepatotoxicity in the entire liver, 
or bone marrow toxicity throughout the bone marrow struc-
tures. In the case of neurotoxicity (NT), a very specific and 
small area affected can lead to a dramatic loss of function; 
for example, loss of substantia nigra dopaminergic neurons 
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(<0.001 % of all neurons) leads to Parkinson’s disease, and 
poisoning of a very small population of interneurons in the 
spinal cord can lead to lethality by tetanus toxin.

The blood–brain barrier

It protects the brain against various compounds, including 
neurotoxicants (Cecchelli et  al. 2007; Alépée et  al. 2014). 
However, it is not impermeable for all substances, since 
there is directed transport, diffusion of lipophilic substances 
over cell membranes, and paracellular passage of water-sol-
uble substances across tight junctions (Hawkins and Davis 
2005; Abbott et  al. 2010; Zhao et  al. 2015). Some central 
neurotoxicity may arise from precursor substances (such as 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, MPTP) that 
cross the BBB and are then metabolically activated within 
the CNS, by astrocytes (Schildknecht et al. 2015). Notably, 
as there is no BBB in the circumventricular organs and in 
the peripheral nervous system, not all neurons in the body 
are protected by the BBB (Miyata 2015). This explains in 
part the selective peripheral neurotoxicity of compounds 
such as doxorubicine. Therefore, when performing and 
interpreting neurotoxicity studies, the ability of a substance 
to cross the BBB should always be evaluated (Alépée et al. 
2014). Furthermore, the blood–brain barrier of the develop-
ing nervous system is less efficient, which makes the imma-
ture brain more susceptible to certain chemicals (Kadereit 
et al. 2012; Zimmer et al. 2012; Balmer et al. 2012; Krug 
et al. 2013b; Waldmann et al. 2014).

Lipid‑rich structures

The high ratio of membrane to cytoplasm of neurons, and 
the additional amount of membranes coming from the mye-
lin sheets formed by Schwann cells or oligodendrocytes 
also increase the vulnerability of the nervous system to spe-
cial toxicants. Membranes are mainly built from lipids, and 
they therefore accumulate lipophilic substances, e.g. meth-
ylmercury (Lohren et al. 2015).

Energy requirement

Neurons require a high amount of ATP for generating and 
maintaining their membrane potential. Additionally, due 
to their long processes, they need more energy for directed 
transport of organelles, such as mitochondria (Zsurka and 
Kunz 2015; Gibbs et  al. 2015) and of components of the 
translational machinery (Fernandez-Moya et  al. 2014). 
The dependence on oxidative phosphorylation as the major 
source of energy makes neurons highly vulnerable to inhib-
itors of the mitochondrial respiratory chain, such as rote-
none (Ayala et al. 2007) and carbon monoxide (Bunc et al. 
2006).

Synaptic transmission

Signal transmission from one neuron to another is the key 
function of the nervous system. The release of neurotrans-
mitters into the synaptic cleft and the binding of neurotrans-
mitters to the receptors on the postsynaptic membranes are 
required to transmit the signals. Successful packaging of 
presynaptic vesicles and the clearance of neurotransmit-
ters from the synaptic cleft are critical for functional signal 
transmission. Therefore, all these processes are potential 
targets for neurotoxicants: neurotransmitter release may be 
inhibited (e.g. by botulinum neurotoxins, which block the 
fusion of vesicles with the membrane), receptors may be 
affected (e.g. curare and nicotine affect the nicotinic ace-
tylcholine receptor) or the clearance of neurotransmitters 
can be impaired (e.g. organophosphates block acetylcho-
line esterase activity) (Berliocchi et  al. 2005; Marrs and 
Maynard 2013). Effects on signal transmission in the adult 
nervous system will give rise to acute toxicity; altered sig-
nal transmission during the nervous system development 
may permanently affect structure and function of the nerv-
ous system.

Neural cell structure

Compared with other cell types, neurons have long projec-
tions called axons. Axons of peripheral neurons can reach a 
length that exceeds the diameter of the cell body by a fac-
tor of >100,000. Such distances pose special demands on 
intracellular transport (Gibbs et al. 2015). Substances, such 
as taxol, that disturb cytoskeletal elements and impair this 
transport cause peripheral neuropathy (Quasthoff and Har-
tung 2002; Hoelting et al. 2016).

Neurobiochemistry

A property making some subgroups of neurons more sen-
sitive to toxicants than neighbouring cells is their specific 
biochemistry. For example, the dopamine neurotransmitter 
synthesized in dopaminergic neurons autoxidizes quickly. 
Substances that increase the release of dopamine (e.g. 
methamphetamine) or inhibit its reuptake or breakdown 
(e.g. cocaine) increase the autoxidation rate of dopamine 
and the resulting radicals damage the cells (Lotharius et al. 
2005; Schildknecht et  al. 2009). Another factor explain-
ing the neuro-specific adverse effects of trimethyltin is the 
expression of the protein stannin (Toggas et al. 1992).

Cell maturity also determines the susceptibility to neu-
rotoxicants (Leist and Nicotera 1998; Alépée et al. 2014). 
This is the crossing point of neurotoxicology and develop-
mental neurotoxicology. The development of the nervous 
system requires several tightly controlled processes (e.g. 
neural tube formation and closure) that are regulated by 
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sensitive signalling pathways. These are very susceptible 
to even small disturbances (Penschuck et al. 2006; Kuegler 
et al. 2010; Zimmer et al. 2011a; Kadereit et al. 2012; van 
Thriel et al. 2012).

All these points should be considered when selecting 
the cellular platforms, read-outs, and the methods to test 
for acute or chronic NT and for DNT. The neuronal sub-
type-specific toxicity of some chemicals suggests that one 
platform, one read-out, and one method are not enough to 
effectively predict DNT and NT.

Understanding the elements of in vitro 
neurotoxicity test systems

As basis for the methods, endpoints, and cell models 
described here, it appears important to provide a frame-
work of how they fit into a toxicological test set-up. For 
this purpose, it is essential to recall the basic four elements 
that always make up any toxicological test: the biological 
system, the endpoint, the exposure scheme, and the predic-
tion model (Fig.  1). Separate chapters are devoted to the 
first two elements (Chapters 4 and 5), while the exposure 
scheme and prediction model are discussed below (Chap-
ters 3d and 3e, respectively,) and in Chapter 7.

The elements of a toxicological test are often confused, 
as the terms to describe these elements are used inexactly 
in the literature. The definitions as used, e.g. by the Euro-
pean validation authority (EURL-ECVAM), are outlined 
and exemplified below.

Test (or test method)

This term is used in many disciplines, and it is little defined 
in colloquial language. In toxicology, it means a procedure 
based on a test system used to obtain information on the 
potentially hazardous effects of a substance. A toxicologi-
cal test method consists of four major components (i.e. test 
system, exposure scheme, endpoint, prediction model), and 
it produces a test result (information regarding the ability 
of a substance or agent to produce a specified biological/
toxicological effect under specified conditions). The terms 
‘test’ and ‘assay’ are used interchangeably in the literature. 
A test method can have several analytical endpoints.

Test system/biological system

This term is often confused with ‘test method’, but it has 
a different definition. A test system is a cellular (or bio-
chemical) system used in a study (e.g. ‘proliferating neural 

Fig. 1   Elements of a test sys-
tem, and the frame to calibrate it
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stem cells’, or ‘neuronally differentiating PC-12 cells’, or 
‘organotypic hippocampal slices’). The term is often used 
interchangeably with ‘in vitro system’. The test system 
is equivalent to ‘biological model’ as far as test set-up is 
concerned [see (1) in Fig. 1]. Thus, the test system is only 
one component of a test or test method. Good performance 
of a test system does not imply good functioning of a test 
method. Acceptability criteria for test systems (e.g. at least 
75 % of the differentiated cells staining positive for nestin 
under control conditions) are different from acceptability 
criteria for the test method using the test system (e.g. inhi-
bition of differentiation by a specified positive control by 
at least 35 %, and alteration of normal differentiation by a 
defined negative control by <10 %).

Test endpoint/analytical endpoint

The term endpoint has two implications, and it is essential 
to understand the differences. Within the context of a toxi-
cological test, the endpoint (or ‘test endpoint’) is the bio-
logical or chemical process, response, or effect assessed in 
a test system by a specific analytical method/assay [see (2) 
in Fig. 1]. For instance, ‘cell viability’ or ‘cell proliferation’ 
or ‘electrical network activity’ are endpoints. Each end-
point may be assessed by different analytical methods, i.e. 
using different ‘analytical endpoints’. For instance, ‘via-
bility’ may be assessed by measurement of LDH release, 
resazurin reduction, by cell counting, or by measurement 
of ATP content. ‘Differentiation’ may be measured by PCR 
quantification of a differentiation marker or by morphom-
etry (e.g. dendritic tree arborizations or synaptic spine den-
sity). Chapter 5 contains more examples of common end-
points and the different analytical methods that can be used 
to measure them. It is important to distinguish analytical 
endpoints (referring to the analytical methods used) from 
(test system) endpoints that refer to the biological con-
cept evaluated. The test endpoint and analytical endpoints 
require independent optimization, characterization, and use 
of control compounds (see also Chapters  3f–3i for more 
detail).

The above definitions cover the first two elements of a 
toxicological test (dealt with in this review). The other two 
elements are discussed here to plan better for the incorpo-
ration of test systems and endpoints in new toxicological 
tests.

Exposure scheme

A drug may be added to a test system continuously, or for 
certain time periods, in a certain solvent, with or without 
medium change, at a specified temperature, etc. All this 
information is contained in the exposure scheme [see (3) 
in Fig. 1]. As each of the other three elements of a test, an 

exposure scheme also needs to be optimized independently. 
For instance, with all other test parameters fixed, the test out-
come can dramatically change with the time period of expo-
sure. Depending on the point of view, the analytical endpoint 
may be regarded as part of the exposure scheme. Optimiza-
tion of the exposure scheme may require switching analyti-
cal endpoints, even if the same test endpoint is evaluated.

Prediction model

The prediction model (PM) is a formula or algorithm (e.g. 
formula, rule, or set of rules) used to convert the results 
generated by a test method into a prediction of the (toxic) 
effect of interest [see (4) in Fig. 1]. Sometimes, the PM is 
also referred to as decision criteria.

A prediction model contains four elements: (1) a defini-
tion of the specific purpose(s) for which the test method is to 
be used; (2) specifications of all possible results that may be 
obtained; (3) an algorithm that converts each study result into 
a prediction of the (toxic) effect of interest; and (4) specifica-
tions as to the accuracy of the prediction model (e.g. sensitiv-
ity, specificity, and false–positive, and false-negative rates).

In this context, the ‘data interpretation procedure (DIP)’ is 
of interest also. It signifies any algorithm for interpreting data 
from one or more information sources. The output of a DIP 
is typically a prediction (e.g. prediction of skin sensitization 
potential from peptide binding data and/or chemical structure).

The PM is often neglected in test set-up. In its narrow 
sense, it defines the procedure how data are being pro-
cessed, and how technical data (instrument readings) are 
translated into toxicological information. For instance, if 
calcium oscillations are measured, the PM determines what 
type of change is considered as relevant to toxicity. Another 
important example is a change in gene expression, meas-
ured by PCR or a transcriptomics approach. A heatmap of 
gene expression is a technical set of data, but not toxico-
logical information. A PM transforms this into a test state-
ment of compound hazard. A first consideration about PM 
is whether there is a binary outcome (toxic–non-toxic) or 
are there more than 2 classes (mild, moderate, severe irri-
tants, and how are the boundaries defined). For instance, 
many in vitro tests give information if a compound is haz-
ardous or non-hazardous, but not on the strength of effect 
or the potency of a chemical.

Another important issue is if there are two or more assay 
endpoints (e.g. viability and neurite growth), how are they 
combined to a final toxicity statement? During test optimi-
zation and validation, the prediction model needs scrutiny, 
and the questions asked are as follows: Is there a thresh-
old (different from the statistical threshold) for when an 
effect can be considered biologically relevant? How is the 
outcome interpreted when more than one endpoint is meas-
ured (e.g. general cytotoxicity and functional impairment 
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or effects on two different cell types)? Is an increase com-
pared to normal good, when a decrease is bad? How should 
data be interpreted when a compound alters the baseline 
values for the endpoint (e.g. coloured compound in spectro-
photometric assays)? What is the correct reference value, if 
the test system changes over time? The PM defines these 
decision points and then translates the test result into a pre-
diction, e.g. converting the luminometer reading of an ATP 
assay into a toxicological statement (prediction) whether 
the compound is cytotoxic (at a given concentration).

In practical terms, a test is set up to be predictive for 
unknown compounds (test compounds), but to achieve this 
goal, the different elements of the test usually require opti-
mization and fine-tuning. This is performed by anchoring 
the test or its elements to a frame of known information, 
i.e. defined controls and standards as outlined below.

Analytical standards

Each analytical method requires calibration by the use of 
standards (positive and negative controls). This can include 
physicochemical approaches (e.g. to make sure that the bal-
ances and the spectrophotometer are working), or scaling 
approaches (e.g. to obtain absolute values in microscopic 
morphometric measurements or counts). On the next level, 
the analytical endpoint needs to be calibrated in the context 
of the test system. For instance, if LDH release is used as 
a measure of viability, then it needs to be evaluated, how 
much LDH is released under conditions of all cells dying 
(e.g. detergent lysis; not necessarily  =  100  %), and the 
overall assay needs to be normalized to such values. An 
important example is viability measurement by resazurin or 
tetrazolium dye reduction. This works only after normali-
zation for cells that are 100 % dead or alive, as the instru-
ment readings as such have no dimension.

Endpoint‑specific controls

These are chemicals known to reliably and consistently 
alter the endpoint of a test system at a mechanistic level. 
They are also referred to as ‘endpoint-selective controls’ 
or ‘mechanistic tool compounds’. This would be the first 
set of compounds, used during test system set-up, to obtain 
information on the biological/toxicological behaviour of 
the test system and its dynamic range. Such control com-
pounds can be used to define acceptance criteria.

Positive/negative control (PC/NC) or ‘toxicological 
standards’

A PC is a compound or condition that triggers a response, 
i.e. a change in the endpoint from baseline in the right 
direction and to a certain specified extent. A NC for a ‘test 

method’ is a compound or condition that should not trig-
ger a response, i.e. it should not change the endpoint from 
baseline. The performance of PC and NC can be used to 
define ‘acceptance criteria’ of a test.

Acceptance criteria

Criteria are defined before performing an assay to deter-
mine whether it is ‘valid’, i.e. whether the data can be 
used. Typical issues of acceptance criteria comprise: 
‘has the actual run or plate of the test method functioned 
(e.g. are the endpoint values for PC and NC in the right 
range)’, ‘is the test method performing within the desired 
range of variability (e.g. are the standard deviations of PC 
and NC in the right range)’. Note that acceptance criteria 
can (and should) also be defined for an ‘analytical end-
point’ or for a ‘test system’. For instance, for a test sys-
tem, the acceptance criteria may say that it is only valid 
if at least 400 cells were in the region of interest, or if at 
least 80 % neurons were present in mixed cultures, or if 
the average neurite length was at least 4 cell diameters. 
Such test system acceptance criteria are not at all related 
to those used for the test method. In this context, it is 
important to rationalize that endpoints that are meaning-
ful for the description of the test system/biological system 
may not be useful for the test method and vice versa. For 
instance, a person’s body weight can be measured well on 
scales (to give a good read-out on general growth charac-
teristics of a person =  biological system), but this end-
point will hardly respond to acute poisoning of the per-
son. Instead, blood pressure or vomiting activity may be 
good measures of human poisoning (toxicological test), 
but they in turn give little information on the growth activ-
ity over time. In a neurotoxicity test for network activity, 
the extent of synaptic staining may be a good acceptabil-
ity criterion for the test system, but it will not react to a 
glutamate receptor agonist; on the other hand, electrical 
activity pattern will be a very sensitive measure for gluta-
mate receptor-affecting toxicants, but the synapse number 
will not change (upon acute exposure)

Once the first three elements of the test system have 
been established, optimized, and assembled to a test, the 
prediction model can be established to complete the test 
system set-up. One standard procedure is to use a training 
set of chemicals. Based on the test data, a prediction model 
would be established that suits best the known information 
about which of the compounds should test positive or nega-
tive. In a second round of testing, a test set of compounds 
would be used (i.e. a new set of positive and negative con-
trols). The data of these substances would be run through 
the prediction model to determine accuracy, specificity, and 
sensitivity of the test system. Possibly, further adaptations 
would then follow.
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Cellular test systems used for neurotoxicity testing

Available cellular platforms range from non-human pri-
mary cells to human-induced pluripotent stem cell (hiPSC)-
derived neurons, and include complex co-cultures and 3D 
systems (see Table 1 for a summary).

Non‑human primary neural cells, neural cell lines, 
and embryonic stem cells

For neurocytotoxicity screens, primary cultures of mixed 
cell types (e.g. re-aggregated spheroids (Honegger et  al. 

1979; Monnet-Tschudi et al. 2007) or enriched cultures of 
neurons (Volbracht et al. 1999; Gerhardt et al. 2001; Suñol 
et  al. 2008; Valdivia et  al. 2014), or astrocytes (Ni et  al. 
2012) are frequently used.

To circumvent the necessity to prepare new cells from ani-
mals for each new experiment, immortalized neuronal-like cell 
lines of murine and rat origin have been generated (Greene 
and Tischler 1976; Davis and Maher 1994; Alwin Prem Anand 
et al. 2012). One example of a cell model for HTS screening is 
the multipotent C17.2 murine neural progenitor cell line (Sny-
der et al. 1992). This cell line has the ability to differentiate 
into a mixed cell culture consisting of neurons and astrocytes 

Table 1   Cell sources and test systems

Model system Strength(s) Weakness(es)

Non-human

Primary cells (dissociated brain cells of 
rodent embryos/pups)

Functional neuronal circuits in 2 weeks or less Heterogeneous cell population, new animals 
needed for each culture, labour intensive

Rodent neuronal cell lines (e.g. C17.2 
murine immortalized neural progenitor 
cell line, Neuro-2a murine neuroblas-
toma cell line, PC12, IMA)

No animals needed, less labour Immortalized cells or cells originated from 
tumours—physiology not human, and it 
may be altered, limited relevance

Mouse embryonic stem cells Self-renewing, pluripotent, validated platform for 
DNT

Non-human physiology, limited relevance

Human

Primary neurons Maybe a gold standard Limited availability

Primary astrocytes Commercially available Variable quality and characterization

Immortalized cell lines (e.g. LUHMES) Easily expandable, standardized differentiation 
protocols to neurons, astrocytes, and oligodendro-
cytes exist

Physiology may be altered by oncogene/tel-
omerase overexpression

Cell lines isolated from neoplasms (e.g. 
SH-SY5Y human neuroblastoma cell 
line)

Easily expandable, can be induced to more differen-
tiated phenotype

Physiology may be altered; abundant genetic 
aberrations

Neural stem cells Shown to survive, migrate, and differentiate in vivo, 
commercially available, well characterized, robust

Ethical concerns, culture expensive, unclear 
which developmental state of brain region 
they represent, differentiation protocols  
may be lengthy

Embryonic stem cells (hESC) Self-renewing, pluripotent, can form complex 
structures, differentiation protocols to several cell 
types have been established, becoming a widely 
accepted alternative to animal testing for DNT

Ethical concerns, culture expensive, differen-
tiation protocols may be lengthy

Induced pluripotent stem cells (hiPSC) Self-renewing, pluripotent, can form complex 
structures, can model different human genetic 
backgrounds, differentiation protocols to several 
cell types have been established

Culture expensive, differentiation protocols 
may be lengthy

May show large differences from line to line 
due to human genetic background variabil-
ity and clonal selection

BBB models Combination of relevant cell types, e.g. microvascu-
lar endothelial cells, astrocytes, and pericytes

Measurement of toxicokinetic parameters
Assessment of damage to the BBB function

Need to establish organize 3D structure
Need for sophisticated analytical endpoints 

(no high throughput)

Organs-on-a-dish (3D structures) Interaction of several cell types
3D contact points
Opportunity to observe myelination and neuroin-

flammation
Opportunity to observe tissue self-organization as 

function

Complex analysis (no high throughput)
Difficult quality control
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(Lundqvist et  al. 2013), and may also serve as a model for 
developmental neurotoxicity studies. The major sources of cell 
lines are either neoplasms (neuroblastomas, phaeochromo-
cytomas, e.g. Neuro-2a; PC-12, HT22) (Tischler and Greene 
1975; Dypbukt et  al. 1992; Repetto et  al. 1994; Behl et  al. 
1995), or cells immortalized by oncogenes (e.g. IMA) (Schild-
knecht et al. 2012; Efremova et al. 2015).

Embryonic stem cells (ESCs) are pluripotent cells capa-
ble of continuing self-renewal and with the ability to dif-
ferentiate into any cell type in the body. They were first iso-
lated from the inner cell mass of blastocyst stage embryos 
of mice (Evans and Kaufman 1981; Martin 1981), later also 
from human origin pre-implantation blastocysts (Thomson 
et al. 1998; Leist et al. 2008a).

The potential of using murine embryonic stem cells 
(mESCs) for in  vitro developmental toxicity testing was 
recognized long time ago (Heuer et  al. 1993), and the 
murine ESC-based embryonic stem cell test (EST) became 
a validated platform for embryotoxicology testing (Gen-
schow et  al. 2004; Hayess et  al. 2013). Robust protocols 
have been developed for neural differentiation of mESC 
and are in use for DNT (Kuegler et  al. 2010; Zimmer 
et al. 2011a, b; Theunissen et al. 2012; Visan et al. 2012; 
Smirnova et al. 2014a, c; Colaianna et al. 2016).

Human primary cells and immortalized human neural 
progenitor cell lines

In order to avoid species extrapolation in toxicity testing, 
human primary neural cells have also been used (Hans-
son et  al. 2000). Access to such human cells is limited, 
since they are derived from aborted foetuses or from brain 
surgery resections. Moreover, large variability is found 
amongst cell batches. Nevertheless, protocols to derive 
highly pure populations of neurons, microglia, oligoden-
drocytes, and astrocytes from foetal human brains have 
been developed (Jana et al. 2007).

A way of circumventing the mentioned limitations has 
been to generate immortalized cell lines from neurons 
obtained from the mesencephalon (Lotharius et  al. 2002; 
Paul et  al. 2007; Selenica et  al. 2007; Miljan et  al. 2009; 
Villa et  al. 2009; Scholz et  al. 2011), the cortex (Donato 
et  al. 2007), the subventricular zone (Bai et  al. 2004), or 
from the spinal cord (Roy et al. 2007). This can be achieved 
either by overexpression of the myc oncogene, or—to 
avoid the use of oncogenes—overexpression of human tel-
omerase. These neuronal progenitor cell lines provide an 
expandable cell base that can generate large numbers of 
cells. New opportunities arise from cultivating such cells in 
3D organoids (Smirnova et al. 2015a).

Several human cell lines have also been isolated from 
tumour tissue. The SH-SY5Y human neuroblastoma cell 

line is one of the most frequently used neuronal cell models 
in screening assays. The cells can be used in their native 
form, or be differentiated to more pronounced neuronal 
phenotypes (Påhlman et al. 1984).

Human neural stem cells present an alternative source. 
These cells can be expanded in vitro, differentiated to vari-
ous cell types, and used for (developmental) neurotoxicity 
testing (Gassmann et al. 2012; Barenys et al. 2016).

Human embryonic stem cells (hESCs)

As we mentioned above, the murine embryonic stem cell 
test has become a validated test for DNT (Seiler and Spiel-
mann 2011). The species-difference issue led to the devel-
opment of humanized in  vitro toxicology screens using 
hESCs (Pellizzer et al. 2005; Adler et al. 2008b). For exam-
ple, Stummann et  al. demonstrated that methylmercury [a 
known embryotoxicant that was initially difficult to clas-
sify by the EST (Genschow et al. 2004; Theunissen et al. 
2010)] had a strong effect on neuronal precursor formation 
on hESCs subjected to a neuronal differentiation protocol 
(Stummann et al. 2009). Pal et al. used a few model drugs 
to explore what endpoint measurements would be most 
useful for predicting DNT with hESCs, settling on apop-
tosis markers, abnormal expression of germ-layer-specific 
differentiation markers, and hormone levels (Pal et  al. 
2011).

Several studies have explored the use of hESC deriva-
tives for developmental toxicology testing (Adler et  al. 
2008a; Krtolica et al. 2009; West et al. 2010; Zimmer et al. 
2014; Dreser et  al. 2015; Pallocca et  al. 2016). Balmer 
et al. used hESCs differentiating to neural cells to explore 
the mechanism of action of valproic acid (VPA), an anti-
epileptic drug with well-documented DNT effects (Balmer 
et  al. 2012). This system allowed them to use concentra-
tions close to the VPA concentration expected in the foe-
tus in vivo (Waldmann et al. 2014). The studies have been 
extended to comprise a large group of HDAC inhibitors, 
and the results demonstrated that the system is suitable for 
toxicant classification and for epigenetic studies (Balmer 
et  al. 2012, 2014; Balmer and Leist 2014; Shinde et  al. 
2015; Rempel et al. 2015).

hESCs have been differentiated into many defined neu-
ronal subpopulations (e.g. dopaminergic, glutamatergic); 
such dopaminergic neurons were sensitive to a known neu-
rotoxicant causing Parkinson’s disease-like symptoms in 
humans (Zeng et al. 2006).

A functional test based on hESC-derived neurons moni-
tored neurite outgrowth by automated high-content screen-
ing and proved the feasibility of such an approach to chem-
ical safety assessment (Harrill et  al. 2010; Hoelting et  al. 
2015).
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Human‑induced pluripotent stem cells (hiPSC) 
and induced neurons (iNeurons)

The research group of Yamanaka was the first to achieve 
the reprogramming of murine somatic cells into pluripotent 
cells in 2006 (Takahashi and Yamanaka 2006). A year later, 
reprogramming of human somatic cells to pluripotent cells, 
known as human-induced pluripotent stem cells (hiPSCs) 
was also accomplished (Takahashi et  al. 2007; Yu et  al. 
2007). Today, the reprogramming of somatic cells, includ-
ing human cells, using defined factors and diverse meth-
odologies is well established (Malik and Rao 2013; Raab 
et al. 2014).

There is a large body of evidence showing that hiPSCs 
share most characteristics of hESCs (Hu et al. 2010; Nich-
olas et  al. 2013). Their ability for self-renewal and their 
pluripotency make hiPSCs an unlimited source of practi-
cally all cell types of the body. The envisaged uses range 
from cell replacement therapy through drug-screening and 
disease modelling to toxicity testing (Phillips and Crook 
2010; Wobus and Löser 2011; Kolaja 2014)

The most important challenge in using hiPSC deriva-
tives for toxicity screening purposes is to produce cells that 
model closely cells found in vivo. A large number of proto-
cols for the generation of different neuronal cell types has 
been published (for an overview, see Fig.  2). Not always 
can established hESC neuronal differentiation protocols be 
applied to differentiate hiPSCs, because all pluripotent cells 
(hESC and iPSC) differ amongst one another (Hu et  al. 
2010). The most likely explanation for this is the variation 
in genetic background (Müller et  al. 2011; De Los Ange-
les et al. 2015; Tsankov et al. 2015). Thus, published hESC 
neural differentiation protocols usually need to be adapted 
for a specific iPSC line.

As early as 2007, the group of S. Yamanaka differenti-
ated hiPSCs into neuronal cells, including dopaminergic 
neurons (Takahashi et  al. 2007). In 2009, the group of L. 
Studer introduced a feeder-free protocol for differentiating 
midbrain dopaminergic and spinal motor neurons based 
on SMAD inhibition (Chambers et  al. 2009). Addition-
ally, hiPSC-specific differentiation protocols for choliner-
gic neurons (Karumbayaram et  al. 2009), forebrain-type 
interneurons (Nicholas et al. 2013), and cortical glutamater-
gic neurons (Vazin et al. 2014), but also for astrocytes, and 
oligodendrocytes (Yan et  al. 2013; Nguyen et  al. 2014; 
Gorris et al. 2015) have been established.

Instead of the chemical environment, genetic manipu-
lation may be used for efficient differentiation. Forced 
expression of a single transcription factor (such as Neuro-
genin-2 or ASCL1) is sufficient to convert hiPSCs into syn-
aptic network-forming neuronal cells [see Fig.  2; (Zhang 
et al. 2013; Chanda et al. 2014)].

A recent development is the direct conversion of somatic 
cells into neurons (iNeurons) without passing through the 
pluripotent stage (Pfisterer et al. 2011; Chanda et al. 2013; 
Wapinski et al. 2013). This approach might provide faster, 
simpler, and cost-effective generation of neurons; however, 
the full characterization and validation of the resulting neu-
ronal properties will be crucial for practical applications. 
In this very dynamic field, it can be expected that many 
refined, specific protocols will be established in the near 
future.

It is essential for a cell platform to be used for in vitro 
neurotoxicity screening that the cells are available in large 
amounts and in consistent quality. This need is being 
addressed by a growing number of companies. ReproCELL 
was the first to provide a human hiPSC-derived neural pro-
genitor cell (NPC) kit, consisting of NPCs and the neces-
sary reagents to differentiate these NPCs into functional 
dopaminergic neurons. Cellular Dynamics International, 
Axogenesis, Thermo Fisher, and other companies and 
university laboratories offer human hiPSC-derived neural 
cells. Many cell types derived from iPSC are now avail-
able commercially. For example, Cellular Dynamics Inter-
national (Madison, USA) has developed iCell Neurons, 
a highly pure population of human neurons derived from 
hiPSCs comprising a mixed population of GABAergic and 
glutamatergic neurons. Because iCell Neurons exhibit key 
cellular and electrophysiological characteristics of neurons 
with high reproducibility, they seem well suited for electro-
physiological recordings and have been used on Nanion’s 
automatic patch-clamp (APC) device, the Patchliner. Na+, 
K+, and Cl− conductances were characterized by APC in 
neurons, and at an acceptable success rate compared to 
manual patch-clamp (Haythornthwaite et al. 2012).

Models of the blood–brain barrier (BBB)

The term blood–brain barrier (BBB) indicates the special-
ized endothelial lining of brain microvasculature that con-
trols the transit of water-soluble compounds between the 
peripheral circulation and the brain parenchyma. Recently, 
the BBB has also been called the ‘neurovascular unit’ 
because of the tight association of cells from the parenchy-
mal side of the basement membrane (astrocytes, neurons, 
pericytes) with the endothelial cells (Bauer et al. 2014). It 
is important to know for the development of in vitro models 
that soluble factors provided by astrocytes determine BBB 
function, morphology, and protein expression pattern.

Attempts to fabricate the solid support for BBB mod-
els (Prieto et al. 2004) include the use of transwell inserts 
(Wang et al. 2015; Hind et al. 2015), hollow fibres made of 
thermoplastic polymers (Cucullo et al. 2011b), 3D printing 
(Kim et  al. 2015), and photolithography (Arayanarakool 
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et al. 2015). Creating in vitro models that mimic all BBB 
functions is particularly difficult, as endothelial cells (ECs) 
require exposure to shear stress to undergo the differentia-
tion required for a well-functioning BBB (Cucullo et  al. 
2011a).

In vitro models of the BBB are highly desirable since 
they would reduce the cost of drug permeability testing and 
provide a simpler and more controllable working environ-
ment (Naik and Cucullo 2012). Culot et al. found that their 
in vitro BBB model can be used as toxicological screen in 
a high-throughput setting (Culot et  al. 2008). One model 
of the BBB—consisting of human ECs grown on the lumi-
nal side of capillaries bearing microholes, co-cultured with 
human astrocytes on the abluminal surface—was able to 
reproduce several key features of the BBB including high 
trans-endothelial electrical resistance, low permeability to 
sucrose, capability of discriminating between solutes with 
different lipophilicity, an increased propensity for aerobic 
metabolism, and even opening in response to hyperosmotic 
mannitol treatment or allowing for trans-endothelial traf-
ficking of monocytes from the luminal to the parenchymal 
compartment of the model (Cucullo et al. 2011b).

Since differences between human and rodent isoforms of 
the transport proteins expressed by ECs mean that certain 
compounds can be substrates for the human isoform, but 
not for the rodent counterpart, it is important to use cells of 
human origin for BBB models to get results that translate 
to human safety (Liu et al. 2015).

Organ‑in‑a‑dish models

There has been tremendous progress in developing 3D 
organoid models of the brain (Alépée et al. 2014; Andersen 
et  al. 2014). Current models of brain tissue include re-
aggregated differentiated rodent brain cells, neurospheres 
generated from neural stem cells or neural progenitors, and 
engineered neural tissue (ENT) differentiated from hESCs 
or hiPSCs (Monnet-Tschudi et  al. 2007; Preynat-Seauve 
et  al. 2009; Dubois-Dauphin et  al. 2010; Hogberg et  al. 
2013; Lancaster et al. 2013; Tieng et al. 2014; Simão et al. 
2015; Paşca et al. 2015; Materne et al. 2015; Terrasso et al. 
2015; Mariani et al. 2015; Simão et al. 2016).

Using a microfluidic system for 3D cultures of human 
neuroepithelial stem cell-derived dopaminergic (DA) 

Fig. 2   Overview of neuronal differentiation from hiPSCs and possible in vitro models
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neurons is a new technical approach (Moreno et al. 2015). 
DA neurons were differentiated directly within the inlet 
wells of the system. The system holds potential not only to 
investigate cytotoxicity, but also DNT aspects. Many other 
neuronal cells types can be tested if protocols for their dif-
ferentiation can be adjusted to the system.

Bioprinting is an alternative method to spontaneously 
forming neuronal tissue is the generation of 3D tissues 
(Lee et  al. 2009; Murphy and Atala 2014). Two different 
strategies have been utilized for neurotoxicity testing: (1) 
a 3D scaffold consisting of biocompatible materials was 
printed, and cells were seeded on it (the tissue formed by 
cells migrating into their position); (2) cells were printed 
together with a biocompatible substrate. Either pluripotent 
cells (ESCs and iPSCs) or multipotent neural stem cells 
(NSCs) can be used for printing. Subsequently, neuronal 
maturation takes place within the scaffold and can be influ-
enced by specific growth factors (Lee et  al. 2010). In the 
future, this method can provide extremely well-defined 3D 
constructs for neurotoxicity as well as DNT assays. Addi-
tionally, the interaction of specific cell types printed onto 
the same scaffold can be monitored to answer more com-
plex questions of cytotoxicity.

Combining brain tissue models with BBB models has 
been attempted in order to set up a general in  vitro test-
ing platform for neurotoxicity. Shultz et al. generated their 
BBB model using bovine endothelial cells co-cultured 
with rat glial cells that separated the ‘luminal compart-
ment’ from murine neuronal networks (a 2D model) or 
rat re-aggregating brain cell cultures (a 3D model) on the 
‘parenchymal’ side in the well (Schultz et  al. 2015). This 
integrated testing system allowed analysis of whether the 
drug passed or damaged the BBB, as well as metabolomics, 
transcriptomics, proteomics, and functional (e.g. multielec-
trode array; MEA) read-outs of the neurons.

Common endpoints of neurotoxicity testing

Hundreds of targets may be affected by neurotoxicants. 
Since it is not practical to develop one assay for every 
molecular initiating event (MIE), downstream key events 
(KE) corresponding to essential neuronal functions affected 
by several MIEs provide a more economic basis for in vitro 
neurotoxicity testing (Bal-Price et  al. 2008; Galofré et  al. 
2010; Gustafsson et  al. 2010; de Groot et  al. 2013; Bal-
Price et al. 2015a, b).

The endpoints used for in vitro neurotoxicity testing can 
be grouped into viability read-outs, morphological read-
outs, and functional read-outs (see Fig.  3 for examples). 
Viability read-outs can identify neurotoxic compounds 
that cause toxicity in one or more neural cell types at lower 

concentration than they affect viability of other cell types. 
Perturbations caused at sub-cytotoxic concentrations can be 
identified by morphological or functional read-outs.

The endpoints used for in  vitro neurotoxicity screens 
include assessment of cell viability, evaluation of neu-
ronal differentiation (e.g. measuring neurite outgrowth and 
biomarker expression), monitoring spontaneous electri-
cal activity of neuronal networks by MEA, and functional 
read-outs like receptor signalling and cell communication, 
migration, gliosis, network formation, and synaptogenesis. 
A summary of common endpoints is found in Table 2. The 
distinction between morphological and functional read-outs 
can be blurry and depends largely on the analytical method 
used for measuring the endpoint—in these cases, endpoints 
are listed under functional endpoints in Table 2.

Cell viability

Energy metabolism can be monitored by measurement of 
ATP content of cells (Volbracht et  al. 1999; Latta et  al. 
2000), or quantifying the reduction in resazurin or tetra-
zolium salts (e.g. MTT) by viable cells (Krug et al. 2014; 
Pamies et al. 2014; Schildknecht et al. 2015). The release 
of lactate dehydrogenase (LDH) from dead cells (Leist 
et  al. 1996; Wong et  al. 2001) is also amenable for high-
throughput use and an indicator of irreversible cell damage.

The disadvantage of these assays is that in cultures con-
sisting of several cell types, cell death of one type of cells 
can be masked by proliferation of another type of cells. For 
example, the resazurin assay failed to detect the death of 
neurons in primary cultures of rat cerebellar granule cells 
exposed to methyl mercury chloride because of the glial 
proliferation triggered by the neuronal cell death (Hogberg 
et  al. 2010). For this reason, methods that involve direct 
counting of cells are in widespread use. They can be used 
in combination with immunofluorescent labelling or mor-
phometric methods to identify particular cell types. Some 
viability measures require lysing of the cells, so the cells 
cannot be used for further assays. The LDH release assay 
and the resazurin assay maybe performed non-invasively. 
The resazurin reduction assay can also be multiplexed with 
other assays, such as measurement of the activities of cas-
pase-3 and caspase-7.

Measuring neuroapoptosis (programmed neuronal cell 
death) is a special case of monitoring changes in cell viabil-
ity due to chemical exposure (Leist and Jäättelä 2001). The 
apoptosis process involves complex biochemical events 
carried out by a family of cysteine proteases called cas-
pases that can be activated by various stimuli (Thornberry 
and Lazebnik 1998; Orrenius et al. 2003). The hallmarks of 
apoptosis include mitochondrial damage (Cory and Adams 
2002), plasma membrane alterations (externalization of 
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phosphatidylserine) (Leist and Jäättelä 2001), and DNA 
fragmentation. Environmental toxicants can cause devel-
opmental neurotoxicity by either stimulating or inhibiting 
apoptosis (Rice and Barone 2000).

For HT detection of apoptosis, fluorescence and light 
microscopy can be used (Steinbach et  al. 1998; Volbracht 
et  al. 1999; Gerhardt et  al. 2001; Martinez et  al. 2010; 
Krug et al. 2014). Flow cytometry has also been used for 

Fig. 3   Experimental 
approaches to define specific 
(developmental) neurotoxicity
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apoptosis detection of annexin V-stained gently dissociated 
cells (Sendrowski et al. 2013; Gao et al. 2014).

Cell proliferation may be measured by incorporation of 
thymidine analogues BrdU or EdU (Mundy et  al. 2010). 
Alternatively, proliferation may be deduced (indirectly) 
from altered cell numbers (as determined by measurement 
of DNA, protein, or viability endpoints (ATP; resazurin, 
LDH)). Cell proliferation and apoptosis have been assessed 
in the same well in a high-content setting (Culbreth et al. 
2012), e.g. in the ReNcell CX immortalized human neu-
ronal progenitor cell line and the mouse cortical neural 
stem (mCNS) cell line. For this purpose, cell proliferation 

(BrdU incorporation) was measured in parallel with cleaved 
caspase-3 and accumulation of p53 as apoptosis markers. 
Such assay combinations have also been used to evaluate 
the suitability of cell platforms for neurotoxicity screening 
(Tong et al. 2016).

Neurite outgrowth and stability

Developmental neurotoxicants may inhibit the extension of 
axons, dendrites, or both (Lein et  al. 2007a). The earliest 
high-throughput assay for detecting chemicals influencing 
neurite outgrowth (Radio et al. 2008) used Neuroscreen-1 

Table 2   Common endpoints used in neurotoxicity measurements

Read-out Strength (s) Weakness (es)

Cell viability

ATP content, reduction of resazurin or tetrazo-
lium compounds

Simple, can be adapted to HT In systems with several cell types, results may 
be hard to interpret, endpoint measurements, 
limited multiplexing

LDH release Simple, can be adapted to HT, repeated meas-
urements possible

In systems with several cell types, results may 
be hard to interpret. Not suitable for repeated 
dose toxicity. Difficult in long-term culture 
and with medium change

Direct counting of live/dead cells Can be adapted to HT, can be multiplexed 
with proliferation assay

Not suitable for repeated dose measures

Apoptosis (e.g. caspase cleavage, p53 accumu-
lation, mitochondrial dysfunctions, Annexin/
PI, phagocytosis)

Can be adapted to HT, multiplexing feasible Often not suitable for repeated dose measures 
(exception: SeaHorse)

Morphological or structural endpoints

Neurite outgrowth and stability Differential effects of neurites and axons can 
be quantified

Not suitable for repeated dose toxicity

Functional or subcytotoxic endpoints

Formation of reactive oxygen species Amenable to HT Interpretation of results may be difficult

Cell migration Amenable to HT Interpretation of results may be difficult

Changes in differentiation pattern Can be used in HT setting Interpretation of results may be difficult

Spontaneous electric activity Cultures can be continuously monitored Low throughput, some model systems have 
low electric activity, expensive

Mitochondrial transport and cytoskeletal 
integrity

Early detection of cytotoxic effect Low throughput

Calcium influx General key event, low- and high-throughput 
methods available

Difficult interpretation

Cell membrane potential General key event. High throughput possible 
by using fluorescent indicators

Difficult interpretation.

Glial activation Amenable to HT Results can be hard to interpret in mixed 
cultures

Myelination Rich information due to abundant cell–cell 
interaction and the presence of several cell 
types

Complex read-out (e.g. changes in gene 
expression)

Network formation and synaptogenesis Amenable to HT, highly relevant Needs exploration of sensitivity

Gene expression profiles A wide array of mRNA and protein biomark-
ers may be identified

Expensive, extensive data analysis, difficult 
interpretation

Neurochemical targets (receptor activation, 
enzyme activity, ion channel function, neuro-
transmitter uptake, etc.)

Primary target of test compound can be identi-
fied (the molecular initiating event). HT 
applicable methods

Some methods require radioactively labelled 
substances.
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cells, a commercial subline of the PC-12 rat neuronal cell 
line. The assay was based on immunostaining for β-III-
tubulin to visualize the cellular processes. The scoring 
algorithm distinguished viable cells from dead cells and 
neurites from somata. Similar principles have been estab-
lished earlier to quantify neurite damage in complex human 
neuronal cultures, and to distinguish this from death of the 
whole cells (Lotharius et al. 2005).

In a similar approach, the neurite outgrowth of human 
mesencephalon-derived LUHMES cells was monitored. 
The LUHMES cell line is a tet-off v-myc conditionally 
immortalized cell line that stops proliferation and starts 
differentiation to postmitotic dopaminergic neurons upon 
the addition of tetracycline. In this assay, neurite area and 
viability of the cells were assed which allowed specific 
identification of neurotoxicants by comparison of the EC50 
values for viability and neurite growth (Stiegler et al. 2011; 
Krug et al. 2013a).

Beside neurite outgrowth, a further read-out can be to 
monitor degeneration of already formed neurites (Krug 
et  al. 2013a). The human neuroblastoma SH-SY5Y cell 
line can be used for both neurite outgrowth studies (Frimat 
et al. 2010; Bajinskis et al. 2010) and neurite degeneration 
assays (Forsby 2011), simply by quantifying the number 
of neurites per cell. For instance, acrylamide-induced neu-
rite degeneration in retinoic acid-differentiated SH-SY5Y 
cells correlates well with acrylamide-induced neurologi-
cal adverse effects in  vivo (DeJongh et  al. 1999). Instead 
of time-consuming tubulin staining, many modern neurite 
assays in SH-SY5Y or LUHMES cells use calcein staining 
of live cell structures and HTS imaging as endpoint (Krug 
et al. 2013a).

Note that differences can be observed between toxicants 
acting on axons or dendrites, as several chemicals have 
opposing effects on axonal and dendritic growth (Howard 
et al. 2005; Lein et al. 2007b; Yang et al. 2014).

A specific application of neurite assays is the field of 
chemotherapy-induced peripheral neuropathy. The damage 
to human neurons generated from pluripotent stem cells 
has been quantified (Hoelting et  al. 2015; Wheeler et  al. 
2015). This example further corroborates the usefulness of 
further image-based applications for neuronal development 
studies or neurotoxicity screening applications.

Formation of reactive oxygen species (ROS)

Formation of ROS is a common sign for cellular stress. A 
major internal source of ROS is the mitochondrial elec-
tron transport chain. Since neurons generate most of their 
energy via the mitochondrial pathway, they have a particu-
larly high need to control intrinsic ROS formation. Com-
mon ways to quantify oxidative stress within cells are the 
measurement of glutathione (Schildknecht et  al. 2009, 

2011; Pöltl et  al. 2012; Barayuga et  al. 2013; Pak et  al. 
2015), of oxidative stress-responsive transcription factors 
(e.g. Nrf-2) (Prasad et  al. 2013), or the quantification of 
oxygen radicals with colorimetric or fluorescence-based 
probes (Krug et al. 2014; Pak et al. 2015).

Cell migration

Neural crest cells (NCC) are formed during vertebrate 
development from the border of the neuroectodermal 
plate, and they are vital for generation of facial structures 
and the entire peripheral nervous system. Disturbed NCC 
function can be linked to a large proportion of congeni-
tal birth defects. A NCC migration assay has been devel-
oped to study chemical-induced impairment of neural crest 
function using NCC cells derived from hESCs or iPSCs 
(Zimmer et al. 2012, 2014; Dreser et al. 2015). The assay 
involves counting NCCs that migrate into the cell-free 
space generated either by scratching the cell monolayer or 
the removal of a spacer. The latter method also allows for 
high-throughput screens.

In contrast to NCC migration, assays for the migration 
of central neural precursors use aggregates (Moors et  al. 
2009), and this requires more sophisticated software for 
quantification (Gassmann et al. 2012).

Differentiation pattern

The diversity of neural cell types originates from tightly 
controlled differentiation programs that are guided by 
morphogen gradients (e.g. retinoic acid) and cell–cell sig-
nalling (e.g. notch pathway). Therefore, especially in the 
field of DNT, it is of high importance to test whether the 
differentiation pattern might be disturbed upon exposure 
to a toxicant. Most published test systems study the dif-
ferentiation from pluripotent or lineage-committed stem 
cells to neural cells. The changes in the differentiation pat-
tern are assessed by monitoring marker gene expression or 
the complete transcriptome over a certain differentiation 
period (Kuegler et al. 2010; Zimmer et al. 2011a; Balmer 
et al. 2012; Robinson and Piersma 2013; Krug et al. 2013b; 
Smirnova et al. 2014a; Waldmann et al. 2014; Shinde et al. 
2015; Rempel et al. 2015). For the data interpretation, it is 
important to consider that changes in gene expression in 
such models may be caused either by an acute effect of the 
chemical on a biological process, e.g. signalling pathway, 
or by impaired differentiation. Instead of transcriptome 
analysis, also other high-content methods may be used 
(proteomics, metabolomics, multicolour immunostaining). 
For instance, the quantification of endogenous metabolites 
after teratogen exposure could be used to predict human 
developmental toxicity (West et al. 2010; Kleinstreuer et al. 
2011).
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Spontaneous activity of neural networks

The ultimate function of the nervous system is the forma-
tion of neural networks that transmit and store informa-
tion. Electrical communication between neurons can be 
measured by complex electrophysiological methods that 
are time-consuming and require highly skilled operators. A 
more recent development of multielectrode arrays (MEA) 
that measure non-invasively extracellular electrical fields of 
neurons grown on them. This allows assessment of spon-
taneous or elicited electrical activity of neuronal circuits 
in vitro.

A well-controlled study explored whether signals from 
a MEA may be a useful endpoint for neurotoxicity testing. 
Mature neuronal networks were established from cultured 
rat cortical neurons. It was found that the network mean fir-
ing rate (MFR) was a useful endpoint for detecting neuro-
toxic substances (Defranchi et al. 2011).

The next step towards high-throughput application of 
MEA was taken when effects of a training set of 30 envi-
ronmental chemicals and drugs on the spontaneous network 
activity of primary cortical neuronal cultures were meas-
ured in 12-well MEA plates. It was confirmed that MFR 
was a sensitive endpoint (McConnell et  al. 2012). Nowa-
days, the screening standard is to use 24-well MEA plates 
(Vassallo et al. 2016), and the method should be adaptable 
for use with human stem cell-derived neurons in a medium- 
to high-throughput setting.

From a mechanistic point of view, it is interesting to 
combine the MEA endpoints with other information-rich 
technologies. For instance, 12 central nervous system-rele-
vant drugs with known toxicity profiles have been tested in 
an organ-in-a-dish model. Metabolomics provided a quick 
read-out of changes in cellular physiology and showed 
changes affecting the metabolism of neurotransmitters. The 
observed metabolomics changes also translated to changes 
in activity patterns, as measured by MEA. The MEA results 
provided ‘fingerprints’” characteristic of the different 
classes of drugs, making MEA a promising early-predictive 
and sensitive tool for in vitro neurotoxicity testing (Schultz 
et al. 2015).

Mitochondrial transport

As we mentioned in Chapter 2, neurons are highly depend-
ent on the mitochondrial respiratory chain to maintain their 
energy levels; thus, they are very susceptible to toxicants 
affecting mitochondrial function. Transport of mitochon-
dria to the areas of high energy demand is particularly 
important for neurons due to their long processes. Dis-
turbances in mitochondrial fission and fusion, mitophagy, 
and motility have been associated with neurodegeneration 

and might therefore be sensitive indicators for neurotoxic-
ity (Pham et  al. 2012; Simcox et  al. 2013). Several high-
content imaging protocols assessing mitochondrial move-
ment have been established for a diversity of cells, which 
might be also applicable to neurons (Koopman et al. 2006; 
Mitra and Lippincott-Schwartz 2010; Leonard et al. 2015). 
For instance, it has been shown that dopaminergic neurons 
react with a change in motility already 6 h after exposure to 
MPP+, more than 24 h before cell death occurs (Schildkne-
cht et al. 2013).

Calcium influx and cell membrane potential

An important common key event in neurotoxicity is the 
dysregulation of intracellular calcium signalling. This may 
be measured by the use of calcium-binding fluorescent 
probes (Leist and Nicotera 1998; Lock et  al. 2015) under 
basal conditions (e.g. spontaneous calcium oscillations), 
or by using well-controlled stimuli, such as cell depolari-
zation by exposure to veratridine or high concentrations 
of K+ ions, or by stimulation with specific neurotransmit-
ter receptor agonists. Furthermore, it is possible to detect 
differences in calcium storage and release in response 
to a toxicant (Abushik et  al. 2014; Sisnaiske et  al. 2014; 
Hausherr et al. 2014; Meijer et al. 2015).

Any change in ion distribution over the cell membrane 
will result in altered cell membrane potential (CMP), i.e. 
depolarization or hyperpolarization. Monitoring the CMP 
by using fluorescence indicator dyes is a cheap and robust 
approach that can be adapted relatively easily for high-
throughput screening (Galofré et al. 2010; Gustafsson et al. 
2010). The choice of cell model is essential in these studies 
since the target(s) that are affected by the toxicant must be 
expressed (Forsby et al. 2009).

Gliosis

Glial cells comprising astrocytes, oligodendrocytes, micro-
glia, and NG2 glia are important not only for the mainte-
nance and physical support of neurons but also for the 
development of the nervous system. The proliferation of 
glial cells (gliosis) is a common feature of central nervous 
system damage, and alterations in glial function can affect 
neuronal proliferation, differentiation, and regeneration 
(Aschner et  al. 1999; Kuegler et  al. 2010; Kadereit et  al. 
2012; Burda and Sofroniew 2014; Anderson et al. 2016).

Glial fibrillary acidic protein (GFAP) and related glial 
biomarkers are used in neurotoxicity studies to distin-
guish glial cells from neurons (Monnet-Tschudi et  al. 
2000; O’Callaghan and Sriram 2005; Monnet-Tschudi 
et  al. 2007; Sandström von Tobel et  al. 2014). A high-
content analysis method for gliosis induced by treatment 
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with neurotoxicants has been developed on the basis of co-
cultures of rat neurons and astrocytes (Anderl et al. 2009). 
For such studies, the availability of a pure, defined, and 
well-characterized astrocyte population is highly desir-
able (Kuegler et al. 2010, 2012; Schildknecht et al. 2012; 
Kleiderman et  al. 2015). Murine microglia and astrocytes 
have been extensively characterized for inflammation stud-
ies and neuronal co-cultures (Falsig et al. 2004a, b, 2006, 
2008; Lund et al. 2006; Efremova et al. 2015, 2016). Some 
studies on the human counterparts are available, but the 
characterization is still lagging considerably behind (Pei 
et al. 2015; Palm et al. 2015).

Myelination

The myelin sheath, built by oligodendrocytes in the 
CNS and Schwann cells in the peripheral nervous sys-
tem, is wrapped around the axons of neurons. It is the 
key structure enabling a fast and efficient flow of electri-
cal impulses along axons, and therefore is essential for 
the functioning of the nervous system (Bunge 1968). The 
role of myelinating cells goes far beyond electrical insu-
lation: they also modulate axonal growth, neuronal sur-
vival, and neuronal metabolism (Miller 2002; Nave and 
Salzer 2006).

Studies in re-aggregating rodent brain cell cultures have 
shown that interactions between the different cell types 
(neurons, astrocytes, and oligodendrocytes) provide an 
environment facilitating neuronal differentiation, which 
leads to the development of synapses and myelin (Guen-
tert-Lauber et al. 1985). Cellular composition of the aggre-
gates is usually quantified by changes in gene expression 
(Zurich and Monnet-Tschudi 2009; Forsby et al. 2009) or 
by cell-type-specific enzyme activity (Monnet-Tschudi 
et al. 2000) or by success of differentiation into oligoden-
drocytes (Schreiber et  al. 2010). Other studies use pri-
mary dorsal root ganglion and Swann cells for myelination 
assays, and lipid stains or marker gene expression are used 
as endpoints (Stettner et al. 2013).

As defects or impairment of myelination have been 
connected to neuronal diseases such as multiple sclerosis, 
psychiatric diseases, and diverse peripheral neuropathies, 
several hESC/iPSC-based in  vitro protocols have been 
developed to generate oligodendrocytes in order to model 
their interaction with neural and glial cells. The result-
ing cells have been shown to form multilayered myelin 
sheaths around axons in co-cultures (Preynat-Seauve et al. 
2009; Moors et al. 2009; Sundberg et al. 2010; Martinez 
et al. 2012). In vitro test systems that cover all three cell 
types of the brain, using myelination as an endpoint to 
assess neurotoxicity in hESC/iPSC-based in  vitro sys-
tems, are still challenging, and good models need to be 
developed.

Network formation and synaptogenesis

Synaptogenesis involves the formation of elaborate presyn-
aptic structures and the recruitment and stabilization of 
neurotransmitter receptors in the postsynaptic membrane. 
Synapses are readily and abundantly formed in primary 
neuronal cultures, e.g. based on hippocampal or cortical 
cells. hiPSC-derived neurons also show synaptic vesicles, 
increased expression of synapse-associated markers, such 
as the presynaptic proteins synaptophysin, synaptobrevin, 
SNAP25 and syntaxin as well as the postsynaptic proteins 
PSD95, shank, and homer (Araque and Navarrete 2010; 
Brennand et  al. 2011). Formation of functional synapses 
occurs considerably later and with lower efficiency than the 
expression of the respective proteins. Therefore, the ulti-
mate test for synaptogenesis is based on electrophysiologi-
cal features, like coordinated network activity.

A surrogate endpoint for synaptogenesis is based on 
the assumption that pre- and postsynaptic proteins should 
co-localize at synapses. On this basis, synapse formation 
assays have been developed that detect punctate staining of 
synapsin in close apposition to dendrites in a high-content 
imager (Harrill et al. 2011).

Such assays have shown that co-culture with astrocytes 
favours synaptogenesis of neurons (Roqué et al. 2011; Kle-
iderman et al. 2015). All methods to measure the aforemen-
tioned endpoints are well established for 2D cultures and 
need to be optimized and adapted for emerging 3D cultures 
(Andersen et al. 2013).

Analytical methods for neurotoxicity 
and developmental neurotoxicity screening

In this section, we will review analytical methods suitable 
for neurotoxicity and developmental neurotoxicity screen-
ing, particularly those that are amenable to “high-through-
put” methods that typically handle cells in multiwell plates 
and involve automated scoring of the results (Table 3). 

Spectrophotometric, fluorimetric, and luminometric 
endpoints

The earliest and most frequently used techniques for high-
throughput screening are based on alterations in light 
absorbance, fluorescence intensity (FI), or light emission. 
Common cell viability assays, such as the MTT-reduction 
or neutral red uptake tests, are measured photometrically, 
and resazurin reduction (also called AlamarBlue) is meas-
ured by quantification of absorption or FI. As the detec-
tion of fluorescence is more sensitive, it is used for more 
‘difficult’ measurements, such as cellular calcium ion con-
centrations, ROS formation or membrane potential of the 
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plasma membrane or the inner mitochondrial membrane. 
Absorbance or FI is also used for many enzyme activity 
assays, such as the one for lactate dehydrogenase (LDH, 
used for cell viability estimates) or for acetylcholine ester-
ase (AChE, used to evaluate the potential of toxicants to 
inhibit this pivotal toxicity target). Moreover, most immu-
nodetection assays (e.g. for cytokines, neurotransmitters, 
or neuron specific enolase) use such endpoints. Alterna-
tively, such assays sometimes use light emission (based 
on luciferase reactions with ATP) as endpoint (most fre-
quently applied for estimations of the ATP concentration 
or for gene reporter assays. All these three analytical end-
points (Absorbance, FI, light emission) can be monitored 
in 96-well, 384-well, or 1536-well plates with equipment 
available in most standard screening facilities.

Impedance measurement

Impedance monitoring is a label-free and non-invasive 
approach for cytotoxicity testing that provides real-time 
read-outs. The salt concentration and temperature of the 
solution, as well as the attachment of cells to the elec-
trode, affect electrode impedance at the electrode/medium 
interface. The more cells cover the electrodes, the larger 
the electrode impedance is, but the quality of the attach-
ment also crucially influences impedance values. The gold 
electrodes are integrated into a microelectrode array in 
the bottom of 96-multiwell culture dishes. The output is a 
dimensionless parameter termed the cell index that reflects 

changes in cell number, morphology, adhesion, and viabil-
ity caused by cytotoxic compounds (Diemert et al. 2012).

An advantage of impedance measurements is that cell 
index changes can be accurately detected in a wide range of 
cell densities, while for example MTT signals are cell num-
ber dependent, requiring the optimization of the number of 
seeded cells for each cell line. Moreover, impedance meas-
urement allows continuous real-time monitoring and can 
inform about the kinetics of cell death as opposed to end-
point analysis like MTT assays. The possibility to scale-up 
impedance measurements to medium- or high-throughput 
screens has already been demonstrated (Hou et al. 2014).

One disadvantage of impedance measurements is the 
perturbation of the cell index after medium change or drug 
application due to disturbances in medium temperature. 
Therefore, this technology is not well suited for short-term 
monitoring of <3–4 h. Moreover, currently available tech-
nology does not allow quantification of neurite networks, 
probably due to the limited spatial resolution of the gold 
electrodes used.

Electrophysiological screens

Disruption of neuronal excitability produces substantial and 
rapid disruption of nervous system physiology, and often 
precedes cell death and other biochemical or morphologi-
cal changes. Current in vitro assays based on biochemical 
and morphological changes are not optimized for detect-
ing this type of toxicity. In this regard, electrophysiological 

Table 3   Summary of discussed analytical methods for NT and DNT testing

Continuous 
recording

High through-
put

High-
content 
information

Strength (s) Weakness (es)

Classical techniques 
(FACS, ICC)

No No Partially Well established Cost-/labour-/time-intensive

Impedance measurements Yes Yes No Inexpensive Only cell numbers can be directly 
quantified (live/death quantifica-
tion)

High-content imaging Yes (with low 
time resolu-
tion)

Limited Yes Many cellular features can 
be analysed

High data load, data analysis very 
complex

Spectrofluorometry Yes Yes No High throughput, possible, 
specific for general func-
tional mechanisms

Possible interference between the 
fluorescent indicator and test 
compounds

Multichannel parallel 
microscopy cytometer

Yes Yes Limited Highest throughput of all 
techniques

Sparse 1D images may cause 
ambiguous results

Transcriptomics No Yes Yes Comparison of whole 
genomes possible

Costs; expression patterns for cyto-
toxicity of different cell lines and 
drug classes yet to be defined

Metabolomics No Yes Yes Comparison of whole 
metabolome possible

Metabolome patterns for cytotoxic-
ity of different cell lines and drug 
classes yet to be defined
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techniques such as patch-clamp (Bosca et  al. 2014) and 
MEAs have several advantages over biochemical methods 
for the assessment of in vitro neurotoxicity (Köhling et al. 
2005).

Developed by Neher and Sakmann over 40  years ago, 
patch-clamp has remained the gold standard for the study 
of ion channel activity at the single molecule level (micro-
scopic current) and at the cellular level (macroscopic cur-
rent) (Neher and Sakmann 1976).

The development of automated patch-clamp (APC) sys-
tems allows us today to collect large amounts of data in a 
short period of time. High-throughput patch-clamping can 
be very useful during the initial stages of pharmaceutical 
lead compound development (also known as “first screen”) 
because these steps are usually focusing on a single molec-
ular target (i.e. ion channel) at a time. However, because 
current APC devices require the use of cells in suspension, 
they are not suitable to study ion channel activity in cells 
within neuronal networks.

In contrast to APC, MEAs can be used to monitor phar-
macological effects in cellular networks (Johnstone et  al. 
2010). MEA recorded field potentials provide informa-
tion on cellular network activity and plasticity, which are 
critically important for CNS homeostasis. Another advan-
tage of this system is its ability to predict toxicity without 
prior knowledge of a chemical’s mechanism of action since 
these agents may affect functionality by changes in recep-
tor modulation, or metabolic disruptions (Novellino et  al. 
2011). Furthermore, in contrast to patch-clamp and APC, 
MEAs are suitable for long-term recordings.

High‑content imaging

High-content imaging (HCI) refers to automated (multicol-
our) fluorescence microscopy in a high-throughput setting 
(van Vliet et al. 2014). Information gained by HCI includes 
changes in fluorescence intensity and distribution, cell mor-
phology, and cell movement. Although many HCI studies 
involve immunocytochemical staining of fixed cells, con-
tinuous monitoring of live cells is also possible. HCI can 
provide detailed information on cell movement, changes 
in cell morphology, or intracellular distribution of proteins 
or inorganic ions that cannot be obtained with impedance 
measurements, for example.

Automated sample positioning and autofocusing are 
essential features for fast data acquisition of such image-
based methods, but the automated and yet accurate analy-
sis of the enormous amounts of HCI data acquired is even 
more important. For neurocytotoxicity HCI testing of com-
pound libraries containing several thousand compounds on 
several cell types/lines in parallel, the expected image num-
bers will be extremely high (up to billions), and automated 
data processing pipelines are mandatory to handle the 

amounts of information more efficiently. A number of auto-
mated image analysis tools have been developed to process 
images and to analyse features of neurocytotoxicity [see 
(Billeci et  al. 2013) for an overview of tools], we would 
mention NeurphologyJ (an ImageJ plugin), HCS-Neurons, 
NEMO, and Cellprofiler here (Carpenter et  al. 2006; Ho 
et  al. 2011; Billeci et  al. 2013; Charoenkwan et  al. 2013; 
Dreser et  al. 2015). HCS-Neurons aim at analysing the 
groups of neurons (multineuron images), and NEMO pro-
vides the user with a unique function enabling the analysis 
of sequences of time-lapse images.

A few technical issues still limit high-throughput appli-
cation of HCI: (1) acquired data volumes require an appro-
priately sized data storage and processing infrastructure; 
(2) analysis needs considerable manual adjustments to 
avoid background noise, which is time- and therefore cost-
intensive; (3) assay development is challenging and time-
consuming; and (4) the speed of data acquisition still needs 
improvement.

Multichannel parallel microscopy cytometry

Parallel microscopy cytometry (PMC) combines a number 
of advantages of classical single-channel flow cytometry 
devices and HCI systems (Ehrlich et  al. 2011; McKenna 
et al. 2011): PMC allows parallel recording of 384 channels 
as compared to a conventional single-channel FACS instru-
ment and, at the same time, provides higher detection sen-
sitivity through increased signal-to-noise ratios. Currently, 
PMC allows for the same count rates as high-end FACS 
with even increased rare-cell detection capability.

Compared to HCI systems, focusing problems are elimi-
nated by flowing the samples into focus. This drastically 
reduces the time required to image multiple cells (that 
would require moving the stage in a HCI system). As the 
developers claim, a PMC system with integrated robotic 
sample loading can read 384 samples in 6 min in a binary 
assay (distinguishing only positive and negative events), 
whereas only about 10 samples can be processed using a 
single-channel FACS instrument in the same time (Ehrlich 
et al. 2011).

While HCI systems work with 2D images, which are 
relatively large data sets, PMC produces multicolour 1D 
imaging. Recording data as highly economic 1D images sig-
nificantly reduces the data load and allows real-time analy-
sis with the corresponding algorithms (Ehrlich et  al. 2011; 
McKenna et al. 2011). The results showed good proficiency 
in protein aggregation and NFkB nuclear translocation 
assays, but the developers also indicate the disadvantage of 
sparser images leading to potentially ambiguous results.

Future developments and improvements of PMC sys-
tems may include achieving ultra-high count rates by 
improved digitization electronics and consequently further 
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increased sample throughput so that up to two 384-well 
plates per minute can be processed. Cell sorting could be 
added to the PMC system to allow separated collection 
of samples for further downstream analysis (e.g. qPCR or 
mass spectrometry). Eventually, PMC may be a promising 
tool to study very fast aspects of biological kinetics due to 
its high temporal resolution combined with high-content 
information acquisition capability.

Transcriptomics

Characterization of mRNA changes has become a major 
endpoint to assess toxicant effects in stem cell systems or 
developing zebrafish (Kuegler et  al. 2010; Robinson and 
Piersma 2013; Smirnova et al. 2015b; Schwartz et al. 2015). 
One of the publications resulting from the pan-European 
ESNATS research project (Embryonic Stem Cell-based 
Novel Alternative Testing Strategies) investigated whether 
it is feasible to use transcriptional profiling for develop-
mental neurotoxicity testing (Krug et  al. 2013b). A large 
overlap was found between the transcription factor binding 
sites (TFBSs) enriched in response to different drug treat-
ments in different test systems, suggesting that it may be 
possible to identify a set of common cytotoxicity TFBSs as 
well as TFBS signatures specific for certain chemicals. For 
example, mapping of putative TFBSs led to the identifica-
tion of new pathways relevant to dopaminergic neurotoxic-
ity (Krug et al. 2014; Maertens et al. 2015). Various stud-
ies also showed that transcriptomics data is concentration 
dependent (Piersma et  al. 2011; Waldmann et  al. 2014), 
and that they are suitable for biomarker identification and 
blinded classification of compounds (Rempel et  al. 2015; 
Pallocca et  al. 2016). Theunissen et  al. found that whole 
genome gene expression profiling combined with annota-
tion of enriched genes based on their gene ontology class 
provided a more sensitive read-out to classify toxicants 
than morphological changes (Theunissen et al. 2012).

microRNA profiling (miRNomics)

microRNAs (miRNAs) are small non-coding regulatory 
RNA molecules, which regulate expression of more than 
60  % of genes by binding to the 3′ UTR of mRNAs and 
repressing their translation. It is known that miRNAs play 
a significant role in brain development and function (Li 
and Jin 2010). They are also involved in cellular responses 
to environmental stress, including chemical exposure 
(Smirnova et al. 2012).

Several studies have addressed the role of miRNAs in 
neurotoxicology (Huang and Li 2009; Miranda et al. 2010; 
Tal and Tanguay 2012; Pallocca et al. 2013; Smirnova et al. 
2014a; Meganathan et  al. 2015). As miRNAs are phylo-
genetically conserved, extrapolations between different 

species are possible. Thus, miRNA profiling, together 
with identification of the predicted mRNA targets, may 
have stronger predictive value for the mechanism of action 
than mRNA alone, as miRNAs were established as crucial 
developmental regulators that mark developmental timing 
and cell specification [reviewed in (Bartel 2004)].

Recently, miRNAs have been detected in biofluids 
(Weber et  al. 2010). These circulating miRNAs are much 
more stable than mRNA and can be used as biomarkers for 
a variety of diseases (Wang et  al. 2013) and organ toxic-
ity. Identification of miRNAs involved in  the response to 
chemicals in the supernatant in in vitro neural models can 
give indications for further research on potential circulating 
biomarkers.

Metabolomics

Similar to the aforementioned approaches quantifying 
gene expression, small molecules secreted by cells, or 
being present within cells, can also be considered as pos-
sible biomarkers to trace toxicity-induced cellular changes 
(Bouhifd et  al. 2013). Metabolic endpoints mirror physi-
ological states as well as the adaption of cells to changing 
conditions.

Several publications employed mass spectrometry to 
analyse the metabolome of in vitro models before and after 
toxicant application. Cezar et al. measured small molecules 
secreted by hESCs and neuronal progenitors derived from 
them. They detected valproate-induced differences that 
point to key neurobiology pathways (Cezar et  al. 2007). 
West et al. (2010) published a study investigating develop-
mental cytotoxicity that provided evidence that teratogenic 
drugs altered the metabolome in hESCs (West et al. 2010). 
Their work showed a correlation between teratogenicity 
and the ratio of the levels of secreted arginine and asym-
metric dimethylarginine (ADMA). In another study, the 
effects of ethanol on hESC-derived embryoid bodies, neu-
ral progenitor cells, and neurons were investigated in the 
context of foetal alcohol spectrum disorders (Palmer et al. 
2012).

The metabolomics strategy may identify small molecule 
biomarkers for preclinical safety testing of chemicals and 
toxicants (Ramirez et al. 2013). Moreover, if the secretome 
in the media of in  vitro models is analysed (and not the 
metabolome of cell lysates), not only fixed timepoint anal-
ysis, but also continuous tracing of drug-induced changes 
over longer periods will be possible. However, it should be 
noted that especially untargeted metabolomics (i.e. metabo-
lomics without the prior definition of measured substances 
by reference materials) comes with many challenges, espe-
cially metabolite identification, and issues for standardi-
zation and quality assurance (Bouhifd et  al. 2015a). We 
also need to be aware that metabolomics measurements 
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may cover only a subset of metabolites, depending on the 
extraction method and choice of instruments.

Strategic considerations for neurotoxicity testing

Integrated testing strategies

It is unlikely that any single model—even in combination 
with high-content read-outs—can provide information suf-
ficient for a comprehensive assessment of phenomena as 
complex as (developmental) neurotoxicity. Therefore, vari-
ous tests will need to be combined. Building such a bat-
tery of tests has also some shortcomings, such as the accu-
mulation of false-positive results. As a solution, integrated 
testing strategies (ITS) have been proposed, where various 
information sources are combined in an optimized algo-
rithm (Hartung et al. 2013a; Leist et al. 2014; Rovida et al. 
2015; Bal-Price et  al. 2015a). The term ITS is now often 
replaced by IATA (integrated approaches to testing and 
assessment) as favoured by OECD.

This approach also comes with a number of challenges: 
a number of tests needs to be available simultaneously and 
in one place to allow testing of a given substance; the costs 
of testing multiply (and already now alternative methods 
are often not really competitive to their in  vivo counter-
parts); quality-control and validation of such complex deci-
sion trees is also extremely difficult.

To structure the information, the adverse outcome path-
ways concept has been suggested to be used as a basis for 
ITS development (Basketter et al. 2012; Leist et al. 2014; 
Tollefsen et al. 2014). Progress towards test batteries (e.g. 
in the A-cute-Tox, ESNATS, and ChemScreen projects) and 
AOP (Vinken 2013; Smirnova et al. 2014b; Bal-Price et al. 
2015b; Becker et al. 2015) is continuously being made.

Multiomics integration for identification of ‘pathways 
of toxicity’

Individual omics and HCI technologies create data-rich 
situations, now often called ‘big data’, and the challenge 
lies in making big sense of these big data. The high num-
ber of parameters measured, e.g. the 27,000 human genes 
in modern transcriptomics approaches, offer too many 
opportunities for overfitting, given the small numbers of 
measurements in comparison. Therefore, we will always 
find genes which show dose or time dependence in a given 
experiment. This calls for reduction in dimensionality, and 
tracing the signatures of changes back to the underlying 
mechanisms (Hartung and McBride 2011). The situation is 
further complicated by considerable noise in these meas-
urements. Some of the noise originates from the biologi-
cal models, but also the technologies themselves have often 

variances relevant to the effect sizes observed. This led to 
the suggestion of overlaying different omics approaches 
to separate signal and noise in the Human Toxome project 
(Bouhifd et al. 2015b).

Advanced technologies and bioinformatics allow us to 
use multiomics techniques including (toxico)genomics, epi-
genomics, proteomics, transcriptomics, metabolomics, and 
miRNomics as an integrated approach for a systematic analy-
sis of biological changes. This makes it feasible to study sys-
tems biology in terms of development, disease, pharmacol-
ogy, and toxicology. Advancing bioinformatics tools such as 
gene clustering and deduction of gene, miRNA and metabo-
lite correlation networks based on multiomics data can bridge 
the gap between molecular initiating events and adverse out-
comes for a better understanding of the mechanisms underly-
ing neurological disease development as well as DNT.

“In vitro” testing for functional impairment of the 
nervous system

As illustrated in Chapter  3, neurotoxicity testing is done 
according to different test guidelines, depending on the life 
stage of interest. The design of a neurotoxicity study is fun-
damentally different from a DNT study. This is exemplified 
by costs for the latter being around an order of magnitude 
higher than that of standard neurotoxicity testing. As the 
studies for current regulatory use are so different, it makes 
sense to also separately discuss the respective in  vitro 
assays, and how to use them to eventually substitute or at 
least reduce in vivo testing.

Neurotoxicity testing is mostly concerned with toxic-
ity to the nervous system of the adult organism. Here, two 
major types of toxicity need to be distinguished:

Acute toxicity

Getting manifest after one or few doses, and being identified 
in 28-day studies. Acute toxicity typically arises from acute 
functional disturbances, e.g. by modulation of ion channels, 
neurotransmitter levels, or neurotransmitter receptors. In 
some rare cases, acute toxicity may also be due to structural 
damage to a defined neuronal subpopulation. For instance, 
MPTP may damage dopaminergic neurons of the Substantia 
nigra. This type of damage would not be identified on the 
histopathological level in a guideline study, because the Sub-
stantia nigra is not routinely sectioned, and since the type 
of damage would not be apparent with standard histological 
methods. Thus, in both cases (functional damage to neuro-
transmission and pinpointed structural damage), the adverse 
effects would most likely be detected as functional end-
points. They would be observed by altered behaviour in the 
own cage or in open-field testing, or they would get evident 
by more dedicated neurofunctional testing, e.g. for motor 
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control. The goal of in vitro methods is to identify such acute 
functional disturbances of the nervous system with similar or 
better sensitivity, and this must determine the design of tests 
and the assembly of test batteries.

Evidently, the type of information delivered by an 
in  vitro battery will be different from the information 
observed during human exposure. For instance, drowsiness, 
headache, confusion, or reduced cognitive capacity will not 
be directly measurable in vitro. However, this information 
is also not directly available from animal studies, either. 
There is no direct correlation to an open-field test or a 
home cage observation in human pathology, but experience 
has taught toxicologists what inferences can be made. The 
important point is that all (or most) relevant adverse effects 
are observed, and that these can be quantified to a certain 
extent so that safe exposure levels can be derived.

The same reasoning applies also to in vitro test methods. 
It is not clear whether a disturbance in mean firing rate in a 
MEA assay reflects drowsiness or another symptom, but it 
gives an indication of a potential hazard occurring at a cer-
tain active site concentration of the test chemical. For testing 
of acute neurotoxicity, therefore following exemplary test 
battery could be envisaged: acute structural damage would 
be observed in models of different neuronal and glial sub-
populations, and the threshold of toxicity would be compared 
to other cell types to determine whether the effect is neuro-
specific. Functional impairments would be screened for in 
assays of calcium signalling, membrane potential measure-
ment, and spontaneous (or elicited) network activity, pref-
erentially based on different types of neurons. Ideally, such 
in vitro tests in the narrow sense would be complemented by 
tests using simple model organisms, such as zebrafish, that 
allow more classical sensory and motor testing.

Chronic toxicity

Requiring long-term dosing is observed in 90-day or 
longer studies. A typical manifestation of chronic toxicity 
is peripheral neuropathy triggered by industrial chemicals 
such as hexane or acrylamide, by some carbamate pesti-
cides or by chemotherapeutics. CNS chronic toxicity may 
arise from cycasin or from beta-N-oxalyl amino-l-alanine 
(L-BOAA) in food, and it may also be a consequence of 
low-level exposure to the pesticide rotenone. In the latter 
case, animal studies indicate damage of Substantia nigra 
dopaminergic neurons as main adverse effect (Johnson and 
Bobrovskaya 2015). Such chronic toxicity is sometimes 
hard to detect by regulatory animal studies, and determin-
ing the relevance of the data to man is highly complex.

For in vitro studies, it is not yet clear how well this area 
is covered. Although the same endpoints can evidently not 
be measured, the modern technology applied to in vitro tests 
might nevertheless allow hazard identification. This hope is 

based on two assumptions: First, the multiomics endpoints 
might reveal cellular changes that are not obvious from via-
bility or morphology studies, but are nevertheless relevant 
for prediction of functional impairment. In fact, such very 
early changes may be observed after relatively short exposure 
(compared to a 90-day study), and still predict hazard after 
prolonged dosing. Second, as more and more AOPs become 
available and validated, more KE relevant to chronic toxicity 
become known. Instead of testing for apical endpoints (e.g. 
histopathology or behavioural change), in vitro tests can test 
for the disturbance of such key events and, based on the AOP 
framework, infer the outcome on the level of the organism. 
For instance, compounds may lead to functional impairment 
of mitochondria, long time before histopathological damage 
is observed in the Substantia nigra. Thus, testing for the KE 
‘mitochondrial dysfunction’ within a test battery would yield 
data that classify rotenone as a potential chronic neurotoxicant.

DNT

Toxicity to the developing nervous system is fundamentally 
different from adult neurotoxicity. Also, in this area or reg-
ulatory testing, histopathological endpoints are combined 
with functional tests. In vitro tests must be able to deliver a 
similar type of hazard information. At present, the concept 
of how this may be achieved is based on the assumptions 
that (1) functional changes observed in man or animals 
are due to a toxicity endophenotype (Kadereit et al. 2012; 
Smirnova et al. 2014b; Bal-Price et al. 2015b), i.e. a change 
in neural connectivity in at least one region of the nervous 
system, (2) that such a change must result from the distur-
bance of at least one fundamental neurodevelopmental pro-
cess (e.g. neurite growth or neuronal differentiation), and 
(3) that such processes can be modelled by in vitro tests.

Some of the tests presented in this review would form a 
part of a test battery to assess all relevant neurodevelopmen-
tal processes to investigate whether one of them is disturbed 
by chemicals. Hazard definition would then need to be 
adapted to the types of endpoints produced by in vitro test-
ing. A possible bridging may be obtained by the inclusion of 
model organisms (e.g. C. elegans, Drosophila or zebrafish) 
that allow direct observation of neurodevelopmental pro-
cesses, their change by chemicals and the final consequence 
for the toxicity endophenotype and organisms function.

Considerations of concentrations and timing for toxicity 
testing endpoints, in order to separate adverse effects 
(toxicity) versus adaptive changes

Concentration

For all in vitro assays, it is difficult to distinguish between 
changes that are linked to adverse effects in  vivo, and 



Arch Toxicol	

1 3

alterations that are only adaptive or counter-regulatory 
(Blaauboer et al. 2012).

An overall solution to this challenge will be a major 
issue for the future, but a few points deserve immediate 
attention and action. The first and foremost is ‘concentra-
tion’. The questions of specificity and adversity cannot be 
linked to compounds as such, but only to a ‘compound at a 
given concentration’ (Waldmann et al. 2014; Daston et al. 
2014). Although this appears trivial, it has hitherto been lit-
tle considered, when specificity and sensitivity of an assay 
have been evaluated. Even some official validations by EU 
institutions, such as the one of the embryonic stem cell test 
(EST), did not include this consideration in the suggested 
prediction model. Also, most published toxicological 
screens have up to now been performed at fixed compound 
concentrations that are not related to the pharmacologi-
cal potency of the compounds screened. A change in this 
practice has been suggested for the ESNATS test battery 
(Zimmer et al. 2014; Pallocca et al. 2016), for which start-
ing concentrations for testing have been based on a bio-
logical/mechanistic rationale. Also, the European Chem-
Screen program seriously addressed this issue, and very 
high-throughput screens of the American Tox21 program 
automatically cover wide concentration ranges (Tice et al. 
2013; Attene-Ramos et  al. 2013). It also should be noted 
that for many omics studies in the field of DNT, the chosen 
concentration is anchored on a biological effect (e.g. maxi-
mum non-cytotoxic concentration) (Robinson and Piersma 
2013; Krug et al. 2013b; Rempel et al. 2015).

In practice, the task of determining which concentrations 
are meaningful and correspond to in  vivo effects are not 
trivial, and they can be quite difficult to determine (Piersma 
et  al. 2011; Westerink 2013). A future help for the field 
would be a consensus document suggesting such concen-
trations for DNT compounds and neurotoxicants based on 
reverse pharmacokinetic modelling (Bosgra and Westerhout 
2015). One of the approaches to define adversity would be 
based on measuring concentration dependency of many end-
points in the system and relating these dependencies to the 
concentration known to be associated with adverse effects 
in vivo (Inglese et al. 2006; Parham et al. 2009). Concentra-
tion is also a neglected issue for negative controls, used to 
evaluate assay specificity. Negative data become only mean-
ingful at certain concentrations. They are sheer nonsense if 
compounds are used at too low concentrations.

Timing

Another useful approach would be to not only rely on 
measurements at a defined time point at the end of the incu-
bation, but to follow the temporal evolution of changes for 
the system as such, and for the system under the influence 
of test compounds (Dreser et al. 2015).

An analogy is used here to illustrate how this approach 
is expected to give richer information on adverse effects 
of test compounds: ‘After a panic incident, causing many 
fatalities in a shopping mall, it is very difficult to recon-
struct the initial cause, and the chain of events that led to 
chaos and loss of lives, based on the position of people 
afterwards (when paramedics, fire brigade and repairmen 
have already arrived); it would be easier (and clearer), if the 
whole time course of events was recorded (filmed)’. More-
over, if reactions to initial stimuli with different intensities 
(e.g. type and size of a shop fire) would have been known 
from experience or trials, this would have allowed predic-
tions on when normal evacuation shifts to panic. Exactly 
that approach, i.e. following events over time and probing 
controlled disturbances, would be useful for establishing 
predictive DNT/NT test systems with tool compounds: 
adversity would be predicted based on the quantification of 
the dynamics of all the essential events (concentration–time 
response modelling), and linking them by a mechanistic 
model.

Conclusions

An enormous number of in  vitro test systems and func-
tional endpoints have entered the field in recent years, very 
much fuelled by the availability of stem cell-derived human 
neuronal models. It is now important to tailor these assays 
based on their fitness for purpose (Rossini 2012): Differ-
ent uses of the cell systems will require different degrees of 
sophistication; for example, human-on-a-chip approaches 
are based on complex organotypic cultures to approximate 
the repertoire of human physiological reactions, and high-
throughput tests require simplicity and robustness. The new 
paradigm of toxicology for the twenty-first century needs 
complex models for pathway identification and simpler 
assays for testing the perturbation of any given pathway. 
The more we know about the underlying mechanisms, the 
less complexity and more specificity we will seek.

Despite the ethical and regulatory constraints associated 
with the use of hESCs, they have been utilized, especially 
for developmental neurotoxicity test establishment. In 
the future, they will be replaced by hiPSC derivatives for 
screening purposes and for toxicity prediction in humans. 
It is expected that models based on iPSC derivatives will 
drastically reduce the number of animals needed for toxi-
cology studies while improving the quality of the results.

One bottleneck for hiPSC-based toxicity assays today 
is the lack of protocols to generate sufficient quantities of 
cells, and of generating neural populations identical to cells 
found in vivo. In spite of improvements in differentiation 
efficiency, there is still a need for protocols that provide 
mature neuronal cells in large numbers at moderate cost 
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and within shorter time spans. In the meantime primary or 
immortalized neuronal precursors will continue to provide 
a good alternative to hiPSC-derived neurons.

A common criticism of using hiPSCs is that they only 
reflect the genetic background of the person they were 
generated from. Screening results obtained using hiPSC-
derived cells therefore might not represent well the whole 
population, since certain individuals may react differently 
to a given compound. Although this is true—not only 
for iPSCs, but also for hESCs, primary cells, and tumour 
cells—we should bear in mind that animal experiments 
are also performed using inbred animals with a very lim-
ited genetic background. Genetic diversity of humans can 
be represented with the use of several cell lines originat-
ing from different genetic backgrounds, and might include 
individual backgrounds where clinical signs of high sensi-
tivity to toxic effects (mostly in cases of drug-induced tox-
icity) have been detected (Brewer et al. 2016).

DNT has moved into the centre of attention because 
there is evidence suggesting that environmental chemicals 
can be linked to the increased number of children show-
ing neurodevelopmental disorders, including lowered IQ, 
learning disabilities, and autism spectrum disorders (ASD) 
(Coccini et al. 2006; Grandjean and Landrigan 2006; Land-
rigan 2010; Smirnova et al. 2014b). As the available infor-
mation on DNT effects of chemicals is particularly sparse, 
there is an urgent need for reliable and cost-effective 
screening methods providing specific DNT information 
of potentially harmful chemicals. New and already exist-
ing high-throughput screening assays in combination with 
hiPSC-based in  vitro models possess a great potential to 
elucidate certain aspects of neurotoxicity and developmen-
tal neurotoxicity at the same time. Many of these methods 
are amenable to high-throughput screening. This will chal-
lenge the current validation paradigm both because such 
HTS platforms are too rare to allow ring trials, and because 
direct comparisons with a single traditional animal test are 
not possible. However, concepts to handle these two prob-
lems are emerging (Leist et al. 2012; Hartung et al. 2013b; 
Judson et al. 2013).

While a lot of technologies for acute neurotoxicity 
and DNT assays are already available, more work will be 
required to address issues of chronic neurotoxicity and tox-
icity arising from chemical interaction with rare targets, 
not well represented in in  vitro models. While the tests 
presented here have a high value for screening, and indica-
tion of potential neurotoxicity hazard, the interpretation of 
the data and prediction of functional effects in humans are 
still an open research field. It would be naïve to assume that 
any in vitro model in isolation can satisfy the information 
needs for (developmental) neurotoxicity. It is much more 
likely that integrated testing strategies (ITS) (Hartung et al. 
2013a; Rovida et  al. 2015) have to be developed, which 

efficiently combine several such methods including possi-
bly in silico, in chemico, and even in vivo assays. It is note-
worthy that the concept of ITS is increasingly embraced 
by OECD (Tollefsen et al. 2014) as integrated approaches 
to testing and assessment (IATA), expecting that AOPs 
will allow us to construct ITS/IATA based on pathway 
knowledge. This review took stock of the emerging build-
ing blocks of such test strategies. The discussion on how 
to combine them to develop a humane and human-relevant 
approach has only started.
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Paşca AM, Sloan SA, Clarke LE et al (2015) Functional cortical neu-
rons and astrocytes from human pluripotent stem cells in 3D 
culture. Nat Methods 12:671–678. doi:10.1038/nmeth.3415

Paul G, Christophersen NS, Raymon H et al (2007) Tyrosine hydrox-
ylase expression is unstable in a human immortalized mesen-
cephalic cell line–studies in vitro and after intracerebral graft-
ing in  vivo. Mol Cell Neurosci 34:390–399. doi:10.1016/j.
mcn.2006.11.010

Pei Y, Peng J, Behl M et al (2015) Comparative neurotoxicity screen-
ing in human iPSC-derived neural stem cells, neurons and 
astrocytes. Brain Res. doi:10.1016/j.brainres.2015.07.048

Pellizzer C, Bremer S, Hartung T (2005) Developmental toxicity 
testing from animal towards embryonic stem cells. ALTEX 
22:47–57

Penschuck S, Flagstad P, Didriksen M et al (2006) Decrease in par-
valbumin-expressing neurons in the hippocampus and increased 
phencyclidine-induced locomotor activity in the rat methyla-
zoxymethanol (MAM) model of schizophrenia. Eur J Neurosci 
23:279–284. doi:10.1111/j.1460-9568.2005.04536.x

Pfisterer U, Kirkeby A, Torper O et  al (2011) Direct conversion of 
human fibroblasts to dopaminergic neurons. Proc Natl Acad Sci 
USA 108:10343–10348. doi:10.1073/pnas.1105135108

Pham AH, Meng S, Chu QN, Chan DC (2012) Loss of Mfn2 results 
in progressive, retrograde degeneration of dopaminergic neu-
rons in the nigrostriatal circuit. Hum Mol Genet 21:4817–4826. 
doi:10.1093/hmg/dds311

Phillips BW, Crook JM (2010) Pluripotent human stem 
cells: a novel tool in drug discovery. BioDrugs 
Clin Immunother Biopharm Gene Ther 24:99–108. 
doi:10.2165/11532270-000000000-00000

Piersma AH, Hernandez LG, van Benthem J et al (2011) Reproduc-
tive toxicants have a threshold of adversity. Crit Rev Toxicol 
41:545–554. doi:10.3109/10408444.2011.554794

Pöltl D, Schildknecht S, Karreman C, Leist M (2012) Uncoupling of 
ATP-depletion and cell death in human dopaminergic neurons. 
Neurotoxicology 33:769–779. doi:10.1016/j.neuro.2011.12.007

Prasad RY, McGee JK, Killius MG et al (2013) Investigating oxida-
tive stress and inflammatory responses elicited by silver nano-
particles using high-throughput reporter genes in HepG2 cells: 
effect of size, surface coating, and intracellular uptake. Toxicol 
In Vitro 27:2013–2021. doi:10.1016/j.tiv.2013.07.005

http://dx.doi.org/10.1289/ehp.0800207
http://dx.doi.org/10.1039/c5lc00180c
http://dx.doi.org/10.1038/nmeth.1580
http://dx.doi.org/10.1016/j.tox.2010.02.004
http://dx.doi.org/10.1038/nbt.2958
http://dx.doi.org/10.1002/jps.23022
http://dx.doi.org/10.1016/j.conb.2006.08.008
http://dx.doi.org/10.1016/j.conb.2006.08.008
http://dx.doi.org/10.1016/j.tins.2003.08.008
http://dx.doi.org/10.1002/cne.23604
http://dx.doi.org/10.1080/15287394.2012.697840
http://dx.doi.org/10.1080/15287394.2012.697840
http://dx.doi.org/10.1016/j.stem.2013.04.005
http://dx.doi.org/10.3389/fneng.2011.00004
http://dx.doi.org/10.1517/14740338.4.3.433
http://dx.doi.org/10.1523/JNEUROSCI.4707-08.2009
http://dx.doi.org/10.1006/rtph.2000.1399
http://dx.doi.org/10.1038/nrm1150
http://dx.doi.org/10.3390/s150924374
http://dx.doi.org/10.3390/s150924374
http://dx.doi.org/10.1002/jcp.22484
http://dx.doi.org/10.1007/s10565-013-9250-5
http://dx.doi.org/10.1007/s00204-015-1658-7
http://dx.doi.org/10.1007/s00204-015-1658-7
http://dx.doi.org/10.1038/srep16321
http://dx.doi.org/10.1111/j.1530-0277.2011.01732.x
http://dx.doi.org/10.3390/ijms15010905
http://dx.doi.org/10.1177/1087057109349355
http://dx.doi.org/10.1038/nmeth.3415
http://dx.doi.org/10.1016/j.mcn.2006.11.010
http://dx.doi.org/10.1016/j.mcn.2006.11.010
http://dx.doi.org/10.1016/j.brainres.2015.07.048
http://dx.doi.org/10.1111/j.1460-9568.2005.04536.x
http://dx.doi.org/10.1073/pnas.1105135108
http://dx.doi.org/10.1093/hmg/dds311
http://dx.doi.org/10.2165/11532270-000000000-00000
http://dx.doi.org/10.3109/10408444.2011.554794
http://dx.doi.org/10.1016/j.neuro.2011.12.007
http://dx.doi.org/10.1016/j.tiv.2013.07.005


Arch Toxicol	

1 3

Preynat-Seauve O, Suter DM, Tirefort D et al (2009) Development of 
human nervous tissue upon differentiation of embryonic stem 
cells in three-dimensional culture. Stem Cells 27:509–520. 
doi:10.1634/stemcells.2008-0600

Prieto P, Blaauboer BJ, de Boer AG et al (2004) Blood–brain barrier 
in vitro models and their application in toxicology. The report 
and recommendations of ECVAM Workshop 49. Altern Lab 
Anim 32:37–50

Quasthoff S, Hartung HP (2002) Chemotherapy-induced peripheral 
neuropathy. J Neurol 249:9–17

Raab S, Klingenstein M, Liebau S, Linta L (2014) A comparative 
view on human somatic cell sources for iPSC generation. Stem 
Cells Int 2014:768391. doi:10.1155/2014/768391

Radio NM, Breier JM, Shafer TJ, Mundy WR (2008) Assessment 
of chemical effects on neurite outgrowth in PC12 cells using 
high content screening. Toxicol Sci 105:106–118. doi:10.1093/
toxsci/kfn114

Ramirez T, Daneshian M, Kamp H et al (2013) Metabolomics in toxi-
cology and preclinical research. ALTEX 30(2):209–225

Rempel E, Hoelting L, Waldmann T et  al (2015) A transcriptome-
based classifier to identify developmental toxicants by stem 
cell testing: design, validation and optimization for histone dea-
cetylase inhibitors. Arch Toxicol 89:1599–1618. doi:10.1007/
s00204-015-1573-y

Repetto G, Sanz P, Repetto M (1994) Comparative in vitro effects of 
sodium arsenite and sodium arsenate on neuroblastoma cells. 
Toxicology 92:143–153

Rice D, Barone S (2000) Critical periods of vulnerability for the 
developing nervous system: evidence from humans and animal 
models. Environ Health Perspect 108(Suppl 3):511–533

Robinson JF, Piersma AH (2013) Toxicogenomic approaches in 
developmental toxicology testing. Methods Mol Biol 947:451–
473. doi:10.1007/978-1-62703-131-8_31

Roqué PJ, Guizzetti M, Giordano G, Costa LG (2011) Quantification 
of synaptic structure formation in cocultures of astrocytes and 
hippocampal neurons. Methods Mol Biol Clifton NJ 758:361–
390. doi:10.1007/978-1-61779-170-3_25

Rossini GP (2012) Towards tailored assays for cell-based approaches to 
toxicity testing. ALTEX 29:359–372. doi:10.14573/altex.2012.4.359

Rovida C, Alépée N, Api AM et al (2015) Integrated testing strategies 
(ITS) for safety assessment. ALTEX 32:25–40. doi:10.14573/
altex.1411011

Roy NS, Chandler-Militello D, Lu G et al (2007) Retrovirally medi-
ated telomerase immortalization of neural progenitor cells. Nat 
Protoc 2:2815–2825. doi:10.1038/nprot.2007.402

Rudén C, Hansson SO (2010) Registration, evaluation, and authoriza-
tion of chemicals (REACH) is but the first step-how far will it 
take us? Six further steps to improve the European chemicals 
legislation. Environ Health Perspect 118:6–10. doi:10.1289/
ehp.0901157

Sandström von Tobel J, Zoia D, Althaus J et al (2014) Immediate and 
delayed effects of subchronic Paraquat exposure during an early 
differentiation stage in 3D-rat brain cell cultures. Toxicol Lett 
230:188–197. doi:10.1016/j.toxlet.2014.02.001

Schildknecht S, Pöltl D, Nagel DM et  al (2009) Requirement of a 
dopaminergic neuronal phenotype for toxicity of low concentra-
tions of 1-methyl-4-phenylpyridinium to human cells. Toxicol 
Appl Pharmacol 241:23–35. doi:10.1016/j.taap.2009.07.027

Schildknecht S, Pape R, Müller N et  al (2011) Neuroprotection by 
minocycline caused by direct and specific scavenging of per-
oxynitrite. J Biol Chem 286:4991–5002. doi:10.1074/jbc.
M110.169565

Schildknecht S, Kirner S, Henn A et  al (2012) Characterization of 
mouse cell line IMA 2.1 as a potential model system to study 
astrocyte functions. ALTEX 29:261–274

Schildknecht S, Karreman C, Pöltl D et  al (2013) Generation of 
genetically-modified human differentiated cells for toxicologi-
cal tests and the study of neurodegenerative diseases. ALTEX 
30:427–444

Schildknecht S, Pape R, Meiser J et  al (2015) Preferential extracel-
lular generation of the active Parkinsonian toxin MPP(+) 
by transporter-independent export of the intermediate 
MPDP(+). Antioxid Redox Signal 23:1001–1016. doi:10.1089/
ars.2015.6297

Schmidt M, Raghavan B, Müller V et al (2010) Crucial role for human 
Toll-like receptor 4 in the development of contact allergy to 
nickel. Nat Immunol 11:814–819. doi:10.1038/ni.1919

Scholz D, Pöltl D, Genewsky A et  al (2011) Rapid, complete 
and large-scale generation of post-mitotic neurons from 
the human LUHMES cell line. J Neurochem 119:957–971. 
doi:10.1111/j.1471-4159.2011.07255.x

Schreiber T, Gassmann K, Götz C et al (2010) Polybrominated diphe-
nyl ethers induce developmental neurotoxicity in a human 
in  vitro model: evidence for endocrine disruption. Environ 
Health Perspect 118:572–578. doi:10.1289/ehp.0901435

Schultz L, Zurich M-G, Culot M et  al (2015) Evaluation of drug-
induced neurotoxicity based on metabolomics, proteomics 
and electrical activity measurements in complementary CNS 
in vitro models. Toxicol In Vitro. doi:10.1016/j.tiv.2015.05.016

Schwartz MP, Hou Z, Propson NE et  al (2015) Human pluripotent 
stem cell-derived neural constructs for predicting neural tox-
icity. Proc Natl Acad Sci 112:12516–12521. doi:10.1073/
pnas.1516645112

Seeley WW, Carlin DA, Allman JM et al (2006) Early frontotemporal 
dementia targets neurons unique to apes and humans. Ann Neu-
rol 60:660–667. doi:10.1002/ana.21055

Seiler AEM, Spielmann H (2011) The validated embryonic stem cell 
test to predict embryotoxicity in  vitro. Nat Protoc 6:961–978. 
doi:10.1038/nprot.2011.348

Selenica M-L, Jensen HS, Larsen AK et al (2007) Efficacy of small-
molecule glycogen synthase kinase-3 inhibitors in the post-
natal rat model of tau hyperphosphorylation. Br J Pharmacol 
152:959–979. doi:10.1038/sj.bjp.0707471

Senatorov VV, Damadzic R, Mann CL et  al (2015) Reduced ante-
rior insula, enlarged amygdala in alcoholism and associated 
depleted von Economo neurons. Brain J Neurol 138:69–79. 
doi:10.1093/brain/awu305

Sendrowski K, Rusak M, Sobaniec P et al (2013) Study of the protec-
tive effect of calcium channel blockers against neuronal damage 
induced by glutamate in cultured hippocampal neurons. Phar-
macol Rep PR 65:730–736

Seok J, Warren HS, Cuenca AG et  al (2013) Genomic responses 
in mouse models poorly mimic human inflammatory dis-
eases. Proc Natl Acad Sci USA 110:3507–3512. doi:10.1073/
pnas.1222878110

Shinde V, Klima S, Sureshkumar PS et al (2015) Human pluripotent 
stem cell based developmental toxicity assays for chemical 
safety screening and systems biology data generation. J Vis Exp 
JoVE 100:e52333. doi:10.3791/52333

Simão D, Pinto C, Piersanti S et  al (2015) Modeling human neural 
functionality in vitro: three-dimensional culture for dopaminer-
gic differentiation. Tissue Eng Part A 21:654–668. doi:10.1089/
ten.TEA.2014.0079

Simão D, Pinto C, Fernandes P et  al (2016) Evaluation of helper-
dependent canine adenovirus vectors in a 3D human CNS 
model. Gene Ther 23:86–94. doi:10.1038/gt.2015.75

Simcox EM, Reeve A, Turnbull D (2013) Monitoring mitochondrial 
dynamics and complex I dysfunction in neurons: implications 
for Parkinson’s disease. Biochem Soc Trans 41:1618–1624. 
doi:10.1042/BST20130189

http://dx.doi.org/10.1634/stemcells.2008-0600
http://dx.doi.org/10.1155/2014/768391
http://dx.doi.org/10.1093/toxsci/kfn114
http://dx.doi.org/10.1093/toxsci/kfn114
http://dx.doi.org/10.1007/s00204-015-1573-y
http://dx.doi.org/10.1007/s00204-015-1573-y
http://dx.doi.org/10.1007/978-1-62703-131-8_31
http://dx.doi.org/10.1007/978-1-61779-170-3_25
http://dx.doi.org/10.14573/altex.2012.4.359
http://dx.doi.org/10.14573/altex.1411011
http://dx.doi.org/10.14573/altex.1411011
http://dx.doi.org/10.1038/nprot.2007.402
http://dx.doi.org/10.1289/ehp.0901157
http://dx.doi.org/10.1289/ehp.0901157
http://dx.doi.org/10.1016/j.toxlet.2014.02.001
http://dx.doi.org/10.1016/j.taap.2009.07.027
http://dx.doi.org/10.1074/jbc.M110.169565
http://dx.doi.org/10.1074/jbc.M110.169565
http://dx.doi.org/10.1089/ars.2015.6297
http://dx.doi.org/10.1089/ars.2015.6297
http://dx.doi.org/10.1038/ni.1919
http://dx.doi.org/10.1111/j.1471-4159.2011.07255.x
http://dx.doi.org/10.1289/ehp.0901435
http://dx.doi.org/10.1016/j.tiv.2015.05.016
http://dx.doi.org/10.1073/pnas.1516645112
http://dx.doi.org/10.1073/pnas.1516645112
http://dx.doi.org/10.1002/ana.21055
http://dx.doi.org/10.1038/nprot.2011.348
http://dx.doi.org/10.1038/sj.bjp.0707471
http://dx.doi.org/10.1093/brain/awu305
http://dx.doi.org/10.1073/pnas.1222878110
http://dx.doi.org/10.1073/pnas.1222878110
http://dx.doi.org/10.3791/52333
http://dx.doi.org/10.1089/ten.TEA.2014.0079
http://dx.doi.org/10.1089/ten.TEA.2014.0079
http://dx.doi.org/10.1038/gt.2015.75
http://dx.doi.org/10.1042/BST20130189


	 Arch Toxicol

1 3

Sisnaiske J, Hausherr V, Krug AK et  al (2014) Acrylamide alters 
neurotransmitter induced calcium responses in murine ESC-
derived and primary neurons. Neurotoxicology 43:117–126. 
doi:10.1016/j.neuro.2014.03.010

Smirnova L, Sittka A, Luch A (2012) On the role of low-dose 
effects and epigenetics in toxicology. EXS 101:499–550. 
doi:10.1007/978-3-7643-8340-4_18

Smirnova L, Block K, Sittka A et al (2014a) MicroRNA profiling as 
tool for in  vitro developmental neurotoxicity testing: the case 
of sodium valproate. PLoS One 9:e98892. doi:10.1371/journal.
pone.0098892

Smirnova L, Hogberg HT, Leist M, Hartung T (2014b) Develop-
mental neurotoxicity—challenges in the 21st century and 
in  vitro opportunities. ALTEX 31:129–156. doi:10.14573/
altex.1403271

Smirnova L, Harris G, Delp J et al (2015a) A LUHMES 3D dopamin-
ergic neuronal model for neurotoxicity testing allowing long-
term exposure and cellular resilience analysis. Arch Toxicol. 
doi:10.1007/s00204-015-1637-z

Smirnova L, Harris G, Leist M, Hartung T (2015b) Cellular resil-
ience. ALTEX 32:247–260

Smirnova L, Seiler AEM, Luch A (2015c) microRNA profiling as tool 
for developmental neurotoxicity testing (DNT). Curr Protoc 
Toxicol 64:20.9.1–20.9.22. doi:10.1002/0471140856.tx2009s64

Snyder EY, Deitcher DL, Walsh C et al (1992) Multipotent neural cell 
lines can engraft and participate in development of mouse cer-
ebellum. Cell 68:33–51. doi:10.1016/0092-8674(92)90204-P

Steinbach JP, Müller U, Leist M et al (1998) Hypersensitivity to sei-
zures in beta-amyloid precursor protein deficient mice. Cell 
Death Differ 5:858–866. doi:10.1038/sj.cdd.4400391

Stettner M, Wolffram K, Mausberg AK et al (2013) Promoting myeli-
nation in an in vitro mouse model of the peripheral nerve sys-
tem: the effect of wine ingredients. PLoS One. doi:10.1371/
journal.pone.0066079

Stiegler NV, Krug AK, Matt F, Leist M (2011) Assessment of chem-
ical-induced impairment of human neurite outgrowth by mul-
tiparametric live cell imaging in high-density cultures. Toxicol 
Sci 121:73–87. doi:10.1093/toxsci/kfr034

Stummann TC, Hareng L, Bremer S (2009) Hazard assessment of 
methylmercury toxicity to neuronal induction in embryogenesis 
using human embryonic stem cells. Toxicology 257:117–126. 
doi:10.1016/j.tox.2008.12.018

Sundberg M, Skottman H, Suuronen R, Narkilahti S (2010) Produc-
tion and isolation of NG2+ oligodendrocyte precursors from 
human embryonic stem cells in defined serum-free medium. 
Stem Cell Res 5:91–103. doi:10.1016/j.scr.2010.04.005

Suñol C, Babot Z, Fonfría E et al (2008) Studies with neuronal cells: 
from basic studies of mechanisms of neurotoxicity to the pre-
diction of chemical toxicity. Toxicol In  Vitro 22:1350–1355. 
doi:10.1016/j.tiv.2008.03.009

Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells 
from mouse embryonic and adult fibroblast cultures by defined 
factors. Cell 126:663–676. doi:10.1016/j.cell.2006.07.024

Takahashi K, Tanabe K, Ohnuki M et al (2007) Induction of pluripo-
tent stem cells from adult human fibroblasts by defined factors. 
Cell 131:861–872. doi:10.1016/j.cell.2007.11.019

Takao K, Miyakawa T (2015) Genomic responses in mouse models 
greatly mimic human inflammatory diseases. Proc Natl Acad 
Sci 112:1167–1172. doi:10.1073/pnas.1401965111

Tal TL, Tanguay RL (2012) Non-coding RNAs–novel targets in 
neurotoxicity. Neurotoxicology 33:530–544. doi:10.1016/j.
neuro.2012.02.013

Terrasso AP, Pinto C, Serra M et  al (2015) Novel scalable 3D cell 
based model for in  vitro neurotoxicity testing: combining 
human differentiated neurospheres with gene expression and 

functional endpoints. J Biotechnol 205:82–92. doi:10.1016/j.
jbiotec.2014.12.011

Theunissen PT, Schulpen SHW, van Dartel DAM et  al (2010) 
An abbreviated protocol for multilineage neural differen-
tiation of murine embryonic stem cells and its perturbation by 
methyl mercury. Reprod Toxicol 29:383–392. doi:10.1016/j.
reprotox.2010.04.003

Theunissen PT, Robinson JF, Pennings JLA et  al (2012) Transcrip-
tomic concentration-response evaluation of valproic acid, 
cyproconazole, and hexaconazole in the neural embryonic stem 
cell test (ESTn). Toxicol Sci 125:430–438. doi:10.1093/toxsci/
kfr293

Thomson JA, Itskovitz-Eldor J, Shapiro SS et  al (1998) Embry-
onic stem cell lines derived from human blastocysts. Science 
282:1145–1147. doi:10.1126/science.282.5391.1145

Thornberry NA, Lazebnik Y (1998) Caspases: enemies within. Sci-
ence 281:1312–1316

Tice RR, Austin CP, Kavlock RJ, Bucher JR (2013) Improving the 
human hazard characterization of chemicals: a Tox21 update. 
Environ Health Perspect 121:756–765. doi:10.1289/ehp.1205784

Tieng V, Stoppini L, Villy S et  al (2014) Engineering of midbrain 
organoids containing long-lived dopaminergic neurons. Stem 
Cells Dev 23:1535–1547. doi:10.1089/scd.2013.0442

Tischler AS, Greene LA (1975) Nerve growth factor-induced pro-
cess formation by cultured rat pheochromocytoma cells. Nature 
258:341–342

Toggas SM, Krady JK, Billingsley ML (1992) Molecular neurotoxi-
cology of trimethyltin: identification of stannin, a novel pro-
tein expressed in trimethyltin-sensitive cells. Mol Pharmacol 
42:44–56

Tollefsen KE, Scholz S, Cronin MT et  al (2014) Applying adverse 
outcome pathways (AOPs) to support integrated approaches 
to testing and assessment (IATA). Regul Toxicol Pharmacol 
70:629–640. doi:10.1016/j.yrtph.2014.09.009

Tong Z-B, Hogberg H, Kuo D et al (2016) Characterization of three 
human cell line models for high-throughput neuronal cytotoxic-
ity screening. J Appl Toxicol JAT. doi:10.1002/jat.3334

Tsankov AM, Akopian V, Pop R et  al (2015) A qPCR ScoreCard 
quantifies the differentiation potential of human pluripotent 
stem cells. Nat Biotechnol 33:1182–1192. doi:10.1038/nbt.3387

Valdivia P, Martin M, LeFew WR et  al (2014) Multi-well micro-
electrode array recordings detect neuroactivity of ToxCast 
compounds. Neurotoxicology 44:204–217. doi:10.1016/j.
neuro.2014.06.012

van Thriel C, Westerink RHS, Beste C et al (2012) Translating neu-
robehavioural endpoints of developmental neurotoxicity tests 
into in vitro assays and readouts. Neurotoxicology 33:911–924. 
doi:10.1016/j.neuro.2011.10.002

van Vliet E, Daneshian M, Beilmann M et  al (2014) Current 
approaches and future role of high content imaging in safety 
sciences and drug discovery. ALTEX 4:479–493

Vassallo A, Chiappalone M, De Camargos Lopes R et  al (2016) A 
multi-laboratory evaluation of microelectrode array-based 
measurements of neural network activity for acute neurotoxicity 
testing. Neurotoxicology. doi:10.1016/j.neuro.2016.03.019

Vazin T, Ball KA, Lu H et  al (2014) Efficient derivation of cortical 
glutamatergic neurons from human pluripotent stem cells: a 
model system to study neurotoxicity in Alzheimer’s disease. 
Neurobiol Dis 62:62–72. doi:10.1016/j.nbd.2013.09.005

Villa A, Liste I, Courtois ET et al (2009) Generation and properties of 
a new human ventral mesencephalic neural stem cell line. Exp 
Cell Res 315:1860–1874. doi:10.1016/j.yexcr.2009.03.011

Vinken M (2013) The adverse outcome pathway concept: a pragmatic 
tool in toxicology. Toxicology 312:158–165. doi:10.1016/j.
tox.2013.08.011

http://dx.doi.org/10.1016/j.neuro.2014.03.010
http://dx.doi.org/10.1007/978-3-7643-8340-4_18
http://dx.doi.org/10.1371/journal.pone.0098892
http://dx.doi.org/10.1371/journal.pone.0098892
http://dx.doi.org/10.14573/altex.1403271
http://dx.doi.org/10.14573/altex.1403271
http://dx.doi.org/10.1007/s00204-015-1637-z
http://dx.doi.org/10.1002/0471140856.tx2009s64
http://dx.doi.org/10.1016/0092-8674(92)90204-P
http://dx.doi.org/10.1038/sj.cdd.4400391
http://dx.doi.org/10.1371/journal.pone.0066079
http://dx.doi.org/10.1371/journal.pone.0066079
http://dx.doi.org/10.1093/toxsci/kfr034
http://dx.doi.org/10.1016/j.tox.2008.12.018
http://dx.doi.org/10.1016/j.scr.2010.04.005
http://dx.doi.org/10.1016/j.tiv.2008.03.009
http://dx.doi.org/10.1016/j.cell.2006.07.024
http://dx.doi.org/10.1016/j.cell.2007.11.019
http://dx.doi.org/10.1073/pnas.1401965111
http://dx.doi.org/10.1016/j.neuro.2012.02.013
http://dx.doi.org/10.1016/j.neuro.2012.02.013
http://dx.doi.org/10.1016/j.jbiotec.2014.12.011
http://dx.doi.org/10.1016/j.jbiotec.2014.12.011
http://dx.doi.org/10.1016/j.reprotox.2010.04.003
http://dx.doi.org/10.1016/j.reprotox.2010.04.003
http://dx.doi.org/10.1093/toxsci/kfr293
http://dx.doi.org/10.1093/toxsci/kfr293
http://dx.doi.org/10.1126/science.282.5391.1145
http://dx.doi.org/10.1289/ehp.1205784
http://dx.doi.org/10.1089/scd.2013.0442
http://dx.doi.org/10.1016/j.yrtph.2014.09.009
http://dx.doi.org/10.1002/jat.3334
http://dx.doi.org/10.1038/nbt.3387
http://dx.doi.org/10.1016/j.neuro.2014.06.012
http://dx.doi.org/10.1016/j.neuro.2014.06.012
http://dx.doi.org/10.1016/j.neuro.2011.10.002
http://dx.doi.org/10.1016/j.neuro.2016.03.019
http://dx.doi.org/10.1016/j.nbd.2013.09.005
http://dx.doi.org/10.1016/j.yexcr.2009.03.011
http://dx.doi.org/10.1016/j.tox.2013.08.011
http://dx.doi.org/10.1016/j.tox.2013.08.011


Arch Toxicol	

1 3

Visan A, Hayess K, Sittner D et  al (2012) Neural differentiation of 
mouse embryonic stem cells as a tool to assess developmen-
tal neurotoxicity in  vitro. Neurotoxicology 33:1135–1146. 
doi:10.1016/j.neuro.2012.06.006

Volbracht C, Leist M, Nicotera P (1999) ATP controls neuronal apop-
tosis triggered by microtubule breakdown or potassium depriva-
tion. Mol Med 5:477–489

Waldmann T, Rempel E, Balmer NV et  al (2014) Design principles 
of concentration-dependent transcriptome deviations in drug-
exposed differentiating stem cells. Chem Res Toxicol 27:408–
420. doi:10.1021/tx400402j

Wang K, Yuan Y, Li H et al (2013) The spectrum of circulating RNA: 
a window into systems toxicology. Toxicol Sci 132:478–492. 
doi:10.1093/toxsci/kft014

Wang G-Y, Wang N, Liao H-N (2015) Effects of muscone on the 
expression of P-gp, MMP-9 on blood–brain barrier model 
in vitro. Cell Mol Neurobiol. doi:10.1007/s10571-015-0204-8

Wapinski OL, Vierbuchen T, Qu K et al (2013) Hierarchical mecha-
nisms for direct reprogramming of fibroblasts to neurons. Cell 
155:621–635. doi:10.1016/j.cell.2013.09.028

Warren HS, Tompkins RG, Moldawer LL et  al (2015) Mice are 
not men. Proc Natl Acad Sci 112:E345–E345. doi:10.1073/
pnas.1414857111

Weber JA, Baxter DH, Zhang S et  al (2010) The microRNA spec-
trum in 12 body fluids. Clin Chem 56:1733–1741. doi:10.1373/
clinchem.2010.147405

West PR, Weir AM, Smith AM et al (2010) Predicting human devel-
opmental toxicity of pharmaceuticals using human embryonic 
stem cells and metabolomics. Toxicol Appl Pharmacol 247:18–
27. doi:10.1016/j.taap.2010.05.007

Westerink RHS (2013) Do we really want to REACH out to in vitro? 
Neurotoxicology 39:169–172. doi:10.1016/j.neuro.2013.10.001

Wheeler HE, Wing C, Delaney SM et al (2015) Modeling chemother-
apeutic neurotoxicity with human induced pluripotent stem cell-
derived neuronal cells. PLoS One 10:e0118020. doi:10.1371/
journal.pone.0118020

Wobus AM, Löser P (2011) Present state and future perspectives of 
using pluripotent stem cells in toxicology research. Arch Toxi-
col 85:79–117. doi:10.1007/s00204-010-0641-6

Wong JK, Kennedy PR, Belcher SM (2001) Simplified serum- and 
steroid-free culture conditions for high-throughput viability 
analysis of primary cultures of cerebellar granule neurons. J 
Neurosci Methods 110:45–55

Yan Y, Shin S, Jha BS et al (2013) Efficient and rapid derivation of 
primitive neural stem cells and generation of brain subtype neu-
rons from human pluripotent stem cells. Stem Cells Transl Med 
2:862–870. doi:10.5966/sctm.2013-0080

Yang D, Kania-Korwel I, Ghogha A et  al (2014) PCB 136 atropse-
lectively alters morphometric and functional parameters of 
neuronal connectivity in cultured rat hippocampal neurons 
via ryanodine receptor-dependent mechanisms. Toxicol Sci 
138:379–392. doi:10.1093/toxsci/kft334

Yu J, Vodyanik MA, Smuga-Otto K et  al (2007) Induced pluripo-
tent stem cell lines derived from human somatic cells. Science 
318:1917–1920. doi:10.1126/science.1151526

Zeng X, Chen J, Deng X et  al (2006) An in  vitro model of human 
dopaminergic neurons derived from embryonic stem cells: 
MPP+ toxicity and GDNF neuroprotection. Neuropsychophar-
macology 31:2708–2715. doi:10.1038/sj.npp.1301125

Zhang Y, Pak C, Han Y et  al (2013) Rapid single-step induction of 
functional neurons from human pluripotent stem cells. Neuron 
78:785–798. doi:10.1016/j.neuron.2013.05.029

Zhang Y, Sloan SA, Clarke LE et al (2016) Purification and charac-
terization of progenitor and mature human astrocytes reveals 
transcriptional and functional differences with mouse. Neuron 
89:37–53. doi:10.1016/j.neuron.2015.11.013

Zhao Z, Nelson AR, Betsholtz C, Zlokovic BV (2015) Establishment 
and dysfunction of the blood–brain barrier. Cell 163:1064–
1078. doi:10.1016/j.cell.2015.10.067

Zimmer B, Kuegler PB, Baudis B et  al (2011a) Coordinated waves 
of gene expression during neuronal differentiation of embryonic 
stem cells as basis for novel approaches to developmental neu-
rotoxicity testing. Cell Death Differ 18:383–395. doi:10.1038/
cdd.2010.109

Zimmer B, Schildknecht S, Kuegler PB et  al (2011b) Sensitivity of 
dopaminergic neuron differentiation from stem cells to chronic 
low-dose methylmercury exposure. Toxicol Sci Off J Soc Toxi-
col 121:357–367. doi:10.1093/toxsci/kfr054

Zimmer B, Lee G, Balmer NV et  al (2012) Evaluation of develop-
mental toxicants and signaling pathways in a functional test 
based on the migration of human neural crest cells. Environ 
Health Perspect 120:1116–1122. doi:10.1289/ehp.1104489

Zimmer B, Pallocca G, Dreser N et al (2014) Profiling of drugs and 
environmental chemicals for functional impairment of neural 
crest migration in a novel stem cell-based test battery. Arch 
Toxicol 88:1109–1126. doi:10.1007/s00204-014-1231-9

Zsurka G, Kunz WS (2015) Mitochondrial dysfunction and sei-
zures: the neuronal energy crisis. Lancet Neurol 14:956–966. 
doi:10.1016/S1474-4422(15)00148-9

Zurich MG, Monnet-Tschudi F (2009) Contribution of in  vitro 
neurotoxicology studies to the elucidation of neurodegen-
erative processes. Brain Res Bull 80:211–216. doi:10.1016/j.
brainresbull.2009.06.008

http://dx.doi.org/10.1016/j.neuro.2012.06.006
http://dx.doi.org/10.1021/tx400402j
http://dx.doi.org/10.1093/toxsci/kft014
http://dx.doi.org/10.1007/s10571-015-0204-8
http://dx.doi.org/10.1016/j.cell.2013.09.028
http://dx.doi.org/10.1073/pnas.1414857111
http://dx.doi.org/10.1073/pnas.1414857111
http://dx.doi.org/10.1373/clinchem.2010.147405
http://dx.doi.org/10.1373/clinchem.2010.147405
http://dx.doi.org/10.1016/j.taap.2010.05.007
http://dx.doi.org/10.1016/j.neuro.2013.10.001
http://dx.doi.org/10.1371/journal.pone.0118020
http://dx.doi.org/10.1371/journal.pone.0118020
http://dx.doi.org/10.1007/s00204-010-0641-6
http://dx.doi.org/10.5966/sctm.2013-0080
http://dx.doi.org/10.1093/toxsci/kft334
http://dx.doi.org/10.1126/science.1151526
http://dx.doi.org/10.1038/sj.npp.1301125
http://dx.doi.org/10.1016/j.neuron.2013.05.029
http://dx.doi.org/10.1016/j.neuron.2015.11.013
http://dx.doi.org/10.1016/j.cell.2015.10.067
http://dx.doi.org/10.1038/cdd.2010.109
http://dx.doi.org/10.1038/cdd.2010.109
http://dx.doi.org/10.1093/toxsci/kfr054
http://dx.doi.org/10.1289/ehp.1104489
http://dx.doi.org/10.1007/s00204-014-1231-9
http://dx.doi.org/10.1016/S1474-4422(15)00148-9
http://dx.doi.org/10.1016/j.brainresbull.2009.06.008
http://dx.doi.org/10.1016/j.brainresbull.2009.06.008

	In vitro acute and developmental neurotoxicity screening: an overview of cellular platforms and high-throughput technical possibilities
	Abstract 
	Chemical hazard assessment is changing
	Features facilitating neurotoxicity and developmental neurotoxicity
	The blood–brain barrier
	Lipid-rich structures
	Energy requirement
	Synaptic transmission
	Neural cell structure
	Neurobiochemistry

	Understanding the elements of in vitro neurotoxicity test systems
	Test (or test method)
	Test systembiological system
	Test endpointanalytical endpoint
	Exposure scheme
	Prediction model
	Analytical standards
	Endpoint-specific controls
	Positivenegative control (PCNC) or ‘toxicological standards’
	Acceptance criteria

	Cellular test systems used for neurotoxicity testing
	Non-human primary neural cells, neural cell lines, and embryonic stem cells
	Human primary cells and immortalized human neural progenitor cell lines
	Human embryonic stem cells (hESCs)
	Human-induced pluripotent stem cells (hiPSC) and induced neurons (iNeurons)
	Models of the blood–brain barrier (BBB)
	Organ-in-a-dish models

	Common endpoints of neurotoxicity testing
	Cell viability
	Neurite outgrowth and stability
	Formation of reactive oxygen species (ROS)
	Cell migration
	Differentiation pattern
	Spontaneous activity of neural networks
	Mitochondrial transport
	Calcium influx and cell membrane potential
	Gliosis
	Myelination
	Network formation and synaptogenesis

	Analytical methods for neurotoxicity and developmental neurotoxicity screening
	Spectrophotometric, fluorimetric, and luminometric endpoints
	Impedance measurement
	Electrophysiological screens
	High-content imaging
	Multichannel parallel microscopy cytometry
	Transcriptomics
	microRNA profiling (miRNomics)
	Metabolomics

	Strategic considerations for neurotoxicity testing
	Integrated testing strategies
	Multiomics integration for identification of ‘pathways of toxicity’
	“In vitro” testing for functional impairment of the nervous system
	Acute toxicity
	Chronic toxicity
	DNT

	Considerations of concentrations and timing for toxicity testing endpoints, in order to separate adverse effects (toxicity) versus adaptive changes
	Concentration
	Timing


	Conclusions
	Acknowledgments 
	References




